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ABSTRACT
EXPANDING THE POLYMER ZWITTERION LIBRARY – NOVEL
PHOSPHONIUM-BASED POLYMER ZWITTERIONS AND
ANALOGOUS STRUCTURES
SEPTEMBER 2022
MARCEL UCHE BROWN
B.S., JOHANNES GUTENBERG UNIVERSITY MAINZ
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Todd Emrick

This dissertation encompasses the synthesis, characterization and application of novel polymer
zwitterions that significantly expand the library of available zwitterionic polymers. Their facile
synthesis is facilitated by the preparation of a novel functional sultone precursor molecule, which
can be ring-opened by commercially available phosphine, amine and sulfide nucleophiles,
affording phosphonium, ammonium or sulfonium sulfonate monomers, respectively. Most notably,
this work describes the invention of phosphonium-based polymer zwitterions, establishing a new
class of zwitterionic polymer structures with unique solution and interfacial properties.
Furthermore, the incorporation of these phosphonium sulfonates into block copolymer
architectures with conventional polymer zwitterions, and the resulting switchable solution
assemblies, are described. Additionally, this work compares the novel phosphonium and
ammonium sulfonate polymers, elucidating key structure-property relationship information on the
effect of the identity of the cation-bearing atom on material properties, such as solution behavior
and surface activity. Finally, the novel sulfonium sulfonate polymers, compared to analogous,
viii

previously established sulfothetin polymer zwitterions, display significant differences in their
solubility, surface activity and stability, which may be attributed to their respective strength of
inter-zwitterion interactions.

ix

TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ...............................................................................v
CONTRIBUTIONS ...................................................................................... vii
ABSTRACT ................................................................................................ viii
LIST OF TABLES........................................................................................ xii
LIST OF FIGURES ..................................................................................... xiii
CHAPTER
I: INTRODUCTION........................................................................................1
A. Polymer Zwitterions ................................................................................................................ 1
B. Polymer Surfactants and Interfacial Activity .......................................................................... 7
C. RAFT Polymerization ............................................................................................................. 9
D. Thesis Outline ....................................................................................................................... 10

II: THE INVENTION OF PHOSPHONIUM-BASED POLYMER
ZWITTERIONS ............................................................................................12
A. Background ........................................................................................................................... 12
B. Synthesis of Styrenic Phosphonium Sulfonate Monomers ................................................... 14
C. Polymerization of SPS monomers......................................................................................... 19
D. Solution and Bulk Properties of SPS Homopolymers........................................................... 25
E. Cytotoxicity of Tri-n-butyl SPS Polymer 9a ......................................................................... 28
F. Synthesis of Block Copolymers from MPC and SPS ............................................................ 30
G. Solution Properties of MPC-b-SPS Block Copolymers ........................................................ 35
H. Summary ............................................................................................................................... 37

III: AMMONIUM SULFONATE-SUBSTITUTED POLYMER
ZWITTERIONS ............................................................................................39
A. Background ........................................................................................................................... 39
B. Synthesis of Styrenic Ammonium Sulfonate Monomers ...................................................... 40
C. Polymerization of SAS Monomers........................................................................................ 46
D. Dynamic Light Scattering of Ammonium and Phosphonium PZs ........................................ 49
E. Properties of Ammonium and Phosphonium PZs at Fluid Interfaces ................................... 52
F. Summary ................................................................................................................................ 55
x

IV: SULFONIUM SULFONATE POLYMER ZWITTERIONS .................57
A. Background ........................................................................................................................... 57
B. Synthesis of Styrenic Sulfonium Sulfonate Monomers......................................................... 58
C. Stability of Sulfonium Sulfonate Monomers Against Nucleophiles ..................................... 61
D. Polymerization of Sulfonium Sulfonate Monomers ............................................................. 63
E. Thermal Stability and Solution Properties of Sulfonium Sulfonate Polymers ...................... 65
F. Summary ................................................................................................................................ 70

V: FUTURE DIRECTIONS AND PRELIMINARY RESULTS .................71
A. Solar Cell Devices ................................................................................................................. 71
B. Novel PZs as Antifouling Coatings ....................................................................................... 72
C. Synthesis of Novel SPS Structures........................................................................................ 74
D. Development of Functional PZs ........................................................................................... 76

VI: CONCLUDING REMARKS ..................................................................77
VII: EXPERIMENTAL SECTION ...............................................................79
A. General Methods ................................................................................................................... 79
B. Materials ................................................................................................................................ 79
C. Synthesis and Characterization Techniques .......................................................................... 81

REFERENCES ............................................................................................101

xi

LIST OF TABLES
Table

Page

Table 1. Results of RAFT polymerization of PS-substituted monomers 9a-c, with molecular
weights estimated by GPC. ............................................................................................................ 20
Table 2. Summary of RAFT polymerization results for block copolymer 10a............................. 31
Table 3. Summary of RAFT polymerization results for block copolymer 10b. ........................... 33
Table 4. Summary of RAFT polymerization results for block copolymer 10c. ............................ 34
Table 5. Dynamic light scattering data summarizing the hydrodynamic radii of structures
identified as the slow and fast modes for PZs 10a-d,f (SAS) and the tri-n-butyl-substituted PS
polymer (SPS). ............................................................................................................................... 50

xii

LIST OF FIGURES
Figure

Page

Figure 1. Schematic illustration of the hydration layers forming around the zwitterionic dipoles in
antifouling PZ coatings. ................................................................................................................... 3
Figure 2. Schematic depiction of examples of PZ architectures with various dipole arrangements.
......................................................................................................................................................... 4
Figure 3. Chemical structures of known PZs: pMPC, p(sulfobetaine methacrylate) (pSBMA) and
pSTS from left to right. .................................................................................................................... 6
Figure 4. Schematic illustrations of small molecule and block copolymer surfactants, as well as a
surfactant-stabilized oil droplet in water.......................................................................................... 8
Figure 5. Schematic illustration of a liquid droplet dispensed into an immiscible liquid for
pendant drop tensiometry, and formula used to determine the IFT .  is the difference in
density between the two immiscible liquids, g is the gravitational acceleration constant, R is the
radius at the droplet apex and B is the Bond number, a shape dependent parameter that can be
derived through using empirically determined constants.. .............................................................. 8
Figure 6. Summary of the essential steps in the RAFT polymerization mechanism. ..................... 9
Figure 7. Possible oxidation products of trialkylphosphines. ....................................................... 13
Figure 8. Chemical structures of known polymer zwitterions 1-3 and the novel phosphonium
sulfonates 4a-c, highlighting the cationic components .................................................................. 13
Figure 9. Synthetic scheme for the preparation of PS monomers (R = n-butyl (a); n-octyl (b);
phenyl (c)). ..................................................................................................................................... 14
Figure 10. 1H (left) and 13C NMR (right) spectra of 4-vinylbenzyl sultone 6............................... 15
Figure 11. 1H (left) and 13C NMR (right) spectra of tri-n-butyl SPS 7a, recorded in MeOD. ...... 16
Figure 12. 31P NMR (left) and HMQC (right) spectra of tri-n-butyl SPS 7a, recorded in MeOD.16

xiii

Figure 13. ESI mass spectrum of tri-n-butyl SPS 7a. ................................................................... 16
Figure 14. 1H (left) and 13C NMR (right) spectra of tri-n-octyl SPS 7b, recorded in MeOD. ...... 17
Figure 15. 31P NMR (left) and HMQC (right) spectra of tri-n-octyl SPS 7b, recorded in MeOD.
....................................................................................................................................................... 17
Figure 16. ESI mass spectrum of tri-n-octyl SPS 7b. ................................................................... 17
Figure 17. 1H (left) and 13C NMR (right) spectra of triphenyl SPS 7c, recorded in MeOD. ........ 18
Figure 18. 31P NMR (left) and HMQC (right) spectra of triphenyl SPS 7c, recorded in MeOD. . 18
Figure 19. ESI mass spectrum of triphenyl SPS 7c. ..................................................................... 18
Figure 20. Synthetic scheme for the preparation of PS-polymer zwitterions by free radical and
RAFT polymerization (R = n-butyl (a); n-octyl (b); phenyl (c)). .................................................. 19
Figure 21. Left: GPC traces of polymer 9a, taken in trifluoroethanol (TFE), right: 1H NMR
spectrum of 9a, recorded in MeOD. .............................................................................................. 21
Figure 22. Left: GPC traces of polymer 9b, taken in TFE, right: 1H NMR spectrum of 9b,
recorded in MeOD. ........................................................................................................................ 21
Figure 23. Left: GPC traces of polymer 9c, taken in TFE, right: 1H NMR spectrum of 9c,
recorded in MeOD. ........................................................................................................................ 22
Figure 24. Stacked 31P NMR spectra of SPS polymers 9a-c......................................................... 23
Figure 25. Synthetic scheme for the preparation of the random PS-copolymer from 7a and 7c by
RAFT polymerization. ................................................................................................................... 23
Figure 26. 1H (left) and 31P NMR (right) spectra of the random copolymer synthesized from 7a
and 7c, recorded in MeOD. ............................................................................................................ 24
Figure 27. GPC trace of the random copolymer synthesized from 7a and 7c (elution in TFE).... 24

xiv

Figure 28. Plot of transmittance vs temperature for a solution of triphenyl SPS polymer 8c in
chloroform ..................................................................................................................................... 25
Figure 29. Left: Optical microscopy image and photograph of TCB-in-water droplets stabilized
by polymer 9a (vial 1) and block copolymer 10c (vial 2, see chapter II.V). Right: schematic
illustration of droplets stabilized by PS-polymers at the fluid-fluid interface. .............................. 26
Figure 30. Plot of interfacial tension vs time for TCB in a tri-n-butyl-PS polymer solution (0.5
mg/mL). ......................................................................................................................................... 27
Figure 31. TGA analysis of triphenyl SPS polymers made by free radical (8c, black) and RAFT
polymerization (9c, red). ................................................................................................................ 28
Figure 32. MDA-MB-231 cell viability normalized to the control and plotted as a function of trin-butyl SPS polymer (9a) concentration at DP 20, 40, and 60. The error bars represent the
standard deviation of each condition. ............................................................................................ 29
Figure 33. HEK293 cell viability normalized to the control and plotted as a function of tri-n-butyl
SPS polymer (9a) concentration at DP 20, 40, and 60 in mg/mL. The error bars represent the
standard deviation of each condition. ............................................................................................ 29
Figure 34. Synthetic scheme for the pMPC macro-CTA (left) and 1H NMR spectrum of the
product (right). ............................................................................................................................... 30
Figure 35. Synthesis of block copolymers 10a-c (R = n-butyl for 10a, n-octyl for 10b, and phenyl
for 10c)........................................................................................................................................... 31
Figure 36. 1H (left) and 31P NMR (right) spectra of block copolymer 10a. .................................. 32
Figure 37. GPC trace of block copolymer 10a, taken in TFE. ...................................................... 32
Figure 38. 1H (left) and 31P NMR (right) spectra of block copolymer 10b................................... 33
Figure 39. GPC trace of block copolymer 10b, taken in TFE. ..................................................... 33
Figure 40. 1H (left) and 31P NMR (right) spectra of block copolymer 10c. .................................. 34
Figure 41. GPC trace of block copolymer 10c, taken in TFE. ...................................................... 35
xv

Figure 42. Stacked 31P NMR spectra of a block copolymer of 10c (PC:PS ~3:2) in deuterated
methanol (red), water (green) and chloroform (blue), with schematic depiction of polymer
orientation within these solvents. ................................................................................................... 36
Figure 43. Volume distribution data obtained from DLS measurements of aqueous solutions of
polymers 9a (black) and 10c (red) at a concentration of 0.1 mg/mL ............................................. 37
Figure 44. Examples of previously reported PZs, including: pMPC 1, pSBMA 2, pSTS 3, pSPS
4, and the new styrenic ammonium sulfonate polymer pSAS 10. ................................................. 40
Figure 45. Ring-opening reactions for the preparation of ammonium sulfonate-substituted
zwitterionic monomers of type 11 (tertiary amines – left; pyridine – right). ................................. 40
Figure 46. 1H (left) and 13C NMR (right) spectra of 4-(trimethylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11a, recorded in MeOD. ................................................................................. 41
Figure 47. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11a. ................................................................................................................................................ 42
Figure 48. 1H (left) and 13C NMR (right) spectra of 4-(triethylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11b, recorded in MeOD. ................................................................................. 42
Figure 49. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11b. ................................................................................................................................................ 42
Figure 50. 1H (left) and 13C NMR (right) spectra of 4-(tripropylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11c, recorded in MeOD. .................................................................................. 43
Figure 51. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11c.................................................................................................................................................. 43
Figure 52. 1H (left) and 13C NMR (right) spectra of 4-(tri-n-butylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11d, recorded in MeOD. ................................................................................. 43
Figure 53. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11d. ................................................................................................................................................ 44

xvi

Figure 54. 1H (left) and 13C NMR (right) spectra of 4-(tri-n-octylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11e, recorded in MeOD. .................................................................................. 44
Figure 55. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11e.................................................................................................................................................. 44
Figure 56. 1H (left) and 13C NMR (right) spectra of 4-(1-Pyridinio)-1-(4-vinylphenyl)butane-2sulfonate 11f, recorded in MeOD. ................................................................................................. 45
Figure 57. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11f. ................................................................................................................................................. 45
Figure 58. Synthetic scheme for the preparation of AS-polymer zwitterions by RAFT
polymerization. .............................................................................................................................. 46
Figure 59. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10a with target DPs of 20, 30 and 50............................................................... 47
Figure 60. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10b with target DPs of 20, 30 and 50. ............................................................. 48
Figure 61. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10c with target DPs of 20, 30 and 50. .............................................................. 48
Figure 62. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10d with target DPs of 20, 30 and 50. ............................................................. 48
Figure 63. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in CDCl3,
right) of polymers 10e with target DPs of 20, 30 and 50. .............................................................. 49
Figure 64. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in D2O, right)
of polymers 10f with target DPs of 20, 30 and 50. ........................................................................ 49
Figure 65. Autocorrelation functions obtained from dynamic light scattering experiments in
water for water-soluble polymers of type 10 and the n-butyl-substituted SPS polymer................ 50
Figure 66. Plot of the hydrodynamic radii, and corresponding schematic illustrations, for the fast
and slow modes of polymers 10a-d obtained from DLS. .............................................................. 51
xvii

Figure 67. Pendant drop tensiometry data for TCB-in-water droplets using SAS and SPS PZs.
Left: Plot of interfacial tension vs. time comparing all SAS derivatives 10a-d,f and the tri-n-butyl
SPS derivative with a needle diameter of 1.57 mm and ~6 µL droplet volume; Middle: Plot of
interfacial tension vs time, comparing 10d and n-butyl pSPS (4) with a smaller needle of 0.82 mm
and droplet size of ~2 µL. Right: Equilibrium interfacial tension values for 10a-d,f and the nbutyl-substituted SPS. .................................................................................................................... 53
Figure 68. Left: Optical micrograph of w/o/w emulsions stabilized by polymer 10d. Middle:
Confocal fluorescence micrograph of w/o/w droplet stabilized by polymer 10d. Right: Confocal
fluorescence micrograph of w/o/w droplet stabilized by n-butyl SPS polymer............................. 53
Figure 69. Chemical structures of sulfonium sulfonate polymers with inverted dipole direction:
the novel PZ poly(SSS) (12) and poly(STS) (3). ........................................................................... 58
Figure 70. Synthesis of SSS monomer 13 starting from the 4-vinylbenzyl sultone precursor 6. . 59
Figure 71. 1H (left) and 13C NMR (right) spectra of sulfonium sulfonate monomer 13, recorded in
MeOD. ........................................................................................................................................... 59
Figure 72. HMQC NMR spectrum of monomer 13, recorded in D2O. ......................................... 60
Figure 73. ESI mass spectrum of monomer 13. ............................................................................ 60
Figure 74. Reaction of monomer 13 with NaN3, and possible reaction products A-C. ................ 61
Figure 75. Superposition of 1H NMR spectra recorded at different time intervals on solutions of
monomer 13 with sodium azide in DMSO-d6. ............................................................................... 62
Figure 76. ESI mass spectrum of solution of monomer 13 with sodium azide after 7 days, and list
of the masses for the styrenic products A-C. ................................................................................. 62
Figure 77. Reaction of STS monomer with NaN3 (left), and 1H NMR spectrum of the solution of
STS and sodium azide in deuterated DMSO after 7 days (right)................................................... 63
Figure 78. Synthetic scheme for the RAFT polymerization of monomer 13. ............................... 64
Figure 79. GPC trace (left, TFE as eluent) and 1H NMR spectrum (in MeOD, right) of polymer
12. .................................................................................................................................................. 64
xviii

Figure 80. GPC trace (left, TFE as eluent) and 1H NMR spectrum (in MeOD, right) of the STS
polymer. ......................................................................................................................................... 65
Figure 81. Intensity (left) and volume (right) distribution data obtained from DLS measurements
on aqueous solutions of polymer 12 at 1 mg/mL concentration. ................................................... 65
Figure 82. TGA curves for pSSS (12, red) and pSTS (3, black)................................................... 66
Figure 83. Interfacial tension data collected for TCB in aqueous solutions of polymer 13 and 3,
with and without salt. ..................................................................................................................... 67
Figure 84. Left: Confocal fluorescence microscopy images of TCB-in-water emulsions prepared
with pSSS surfactant 13. Right: Photographs of inverted vials containing oil-in-water emulsions
prepared with pSSS (left vial) and pSTS (right vial). .................................................................... 68
Figure 85. Schematic illustration depicting potential differences in inter-zwitterion interactions
between pSTS 3 and pSSS 13. ....................................................................................................... 69
Figure 86. Schematic illustration of PZ incorporation into perovskite solar cells. Top – as
passivating layers; bottom – as components of the perovskite precursor solutions. ...................... 72
Figure 87. Bar chart of mean fluorescence intensities of Si substrates after incubation in FITCBSA solution. ................................................................................................................................. 73
Figure 88. Candidate phosphonium sulfonate structures for the investigation of PZ structureproperty relationships..................................................................................................................... 74
Figure 89. Proposed synthetic scheme for the preparation of SPS polymers utilizing 1,4-butane
sultone in the synthetic strategy. .................................................................................................... 75
Figure 90. Proposed synthetic scheme for the preparation of a methacrylic sultone precursor. ... 75
Figure 91. Examples of functional SPS polymers (left) and schematic illustration of potential
applications to polymer-cargo conjugates (right). ......................................................................... 76

xix

CHAPTER I
INTRODUCTION
A. Polymer Zwitterions
Large molecules composed of small, connected monomer repeat units, are known as polymers. Our
lives would not be possible without them. From a biological standpoint, DNA, a biopolymer within
us, is nature’s code for life and the key to our existence. In a materials context, when considering
the polymeric commodity and specialty materials that are the building blocks of countless consumer
goods – from the cars we drive daily, to the contact lenses that help us see – polymers are essential
for maintaining a high standard of living. Introducing synthetic polymers into our surroundings,
and into our bodies, dictates the development and use of safe, biocompatible, and environmentally
sustainable materials.
A range of polymers that carry positive and/or negative charges, just like proteins and
phospholipids found in nature, have stood out as such, inspiring the continued research on charged
polymer systems and materials. Polymer zwitterions (PZs), characterized by the covalent linkage
between cationic and anionic moieties that yield inner salt structures, and thus charge-neutrality
throughout the entire polymer chain, are a unique sub-class of ampholytic polymers. Numerous
PZs have been synthesized, with examples of carboxybetaine and sulfobetaine polymers dating
back as far as the 1950s[1,2]. More widespread research interest in PZs arose after the discovery of
phosphoryl choline (PC)-based PZs that were initially envisaged as biocompatible and biomimetic
phospholipids. In 1977, Nakai, et al. invented a “Polymeric Phospholipid Analog”[3], namely
poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC), which has become one of the most wellknown and widely used PZs. The rise in popularity of pMPC and the research associated with it
was aided by the publication of an improved monomer synthesis and application to polymer
hydrogel membranes, by Ishihara, et al. in 1990, as well as their related subsequent work.[4]
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Moreover, in 1980, both Johnston, et al. and Hub, et al. independently reported the synthesis and
characterization of phospholipid polymers for use as biomembranes and cell models.[5,6]
PZs such as pMPC are best recognized for their extreme hydrophilicity (high solubility in, and
affinity for, water), which is attributed to the polar character and Coulomb interactions of the
zwitterionic sub-units.[7,8] As such, most current applications of PZs leverage their hydrophilic
properties. Among polymers, PZs are generally considered safe and biocompatible, and have been
used as hydrophilic moieties in polymer-drug conjugates to facilitate aqueous solubility of
otherwise hydrophobic and water insoluble drugs. In examples from within the Emrick research
group at UMass, McRae, et al. utilized pMPC as the hydrophilic component in doxorubicin
prodrugs, improving their aqueous solubility and efficacy, while Skinner, et al. successfully
incorporated the glioblastoma drug temozolomide into conjugates with pMPC, which increased its
stability in water.[9,10] Furthermore, PZs have been investigated as alternatives to polyethylene
glycol (PEG), which is often used as the hydrophilic component of prodrugs, protein therapeutics
and medical devices, due to concerns of PEG’s disadvantages, i.e., its oxidation in the presence of
metal ions or complications associated with PEG antibodies.[11,12] Similar to PEG, PZs have been
shown to form “slippery” coatings that display antifouling properties[13–17], which has allowed them
to penetrate the medical device market, where materials that exhibit resistance to accumulation and
growth of biomatter are essential.[18–20] The antifouling properties of PZs are most commonly
attributed to their extreme hydrophilicity, and the zwitterion–water interactions responsible for
these properties are often depicted as an aqueous hydration layer associated with the zwitterion
molecular dipoles, as illustrated in Figure 1.[21–23]

2

Figure 1. Schematic illustration of the hydration layers forming around the zwitterionic dipoles in
antifouling PZ coatings.

PZ properties can be tuned by variation of the chemical composition associated with the
anion[16,17,24] or cation,[16,25,26] the dipole orientation,[27] the backbone structure,[19,26,28] and the
substituents emanating from the ionic centers.[8,26,29–38] The covalently bound ions can be arranged
within the PZ architecture in a variety of ways, allowing for significant flexibility for new materials
designs. The zwitterion sub-units of PZs may be part of each repeat unit, attached pendant to the
polymer backbone, either in parallel or orthogonal orientation of the zwitterionic dipole[8,32], or may
alternate as part of the backbone itself.[39,40] When considering architectures in which the
zwitterions are attached pendant to the backbone in an orthogonal fashion, as shown in Figure 2A
and B, it is important to note that the zwitterionic dipole moment may be oriented either towards
the backbone, when the anions are attached proximal to it, or away from the backbone, when they
are attached distal to it (relative to the cationic components). In most PZ examples, the zwitterions
are arranged pendant to the backbone, with the anion attached distally and the cation proximally,
resulting in dipole orientations directed away from the main chain (Figure 2A). There are relatively
few case studies on the effect of dipole orientation on PZ properties, but one report by Morozova,
et al. outlines the effect of dipole directionality on PZ solution structure by comparing PC polymers
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with choline phosphate (CP) polymers in aqueous solutions.[27] A new example of PZs with
“inverted dipoles” will be described later as part of this dissertation research.

Figure 2. Schematic depiction of examples of PZ architectures with various dipole arrangements.

As is generally the case for polymers, the selection of backbone chemistry may have a significant
effect on all material properties, including their solubility. Though methacrylates have been the
most widely studied backbone for PZs, a range of different backbone structures have been
examined, including styrene- or polyolefin-based zwitterionic polymers.[26,28,30]
The chemical versatility of the charged components in polymer zwitterions generally lies in their
anionic elements with a wide variety of anionic moieties being part of commonly studied PZ
designs: phosphonate groups are found in PC and CP polymers[3,20,27], sulfonate groups in
sulfobetaines (SBs)[24,29,37], and carboxylate groups comprise the anions in carboxybetaine (CB)
structures.[17] To-date, the largest synthetic challenges regarding the diversity of ions in PZ
structures lies within the variation of the cationic moieties. Cationic centers in PZs have almost
exclusively been limited to nitrogen-based moieties as evidenced by the structures of all previously
mentioned PZs, i.e., PC, CP, SB, and CB polymers. Rare and recently reported PZ examples carry
the positive charge on sulfur as sulfonium cations, as shown in the work on the synthesis and
characterization of sulfothetin styrenic (ST)-substituted polymers by Santa Chalarca, et al.[25] These
sulfonium-based PZs exhibit low solubility in most solvents, including water, and are a unique
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example of “reactive zwitterions” due to the lability of the zwitterionic component in the presence
of nucleophiles. A novel sulfonium sulfonate polymer that displays advantageous solubility and
stability was developed as part of this thesis work and will be discussed in Chapter IV.
PZs based on phosphonium cations have been discussed, notably in reviews on the design and
structure of PZs by Laschewsky, et al., as potentially valuable new designs that had not yet been
realized due to non-trivial synthetic challenges and low commercial availability of their phosphine
precursors.[8,32] Phosphines are generally reactive and highly oxophilic compounds, and thus readily
oxidize to the corresponding phosphine oxides in the presence of oxygen, making them difficult to
handle.[41] The development of a new class of phosphonium-based PZs represents a major focus of
this thesis work, and will be discussed thoroughly in the upcoming chapters.
Additionally, the material properties of PZs can be tuned by variation of the substituents attached
to the ionic moieties. With respect to substituents on the anionic moiety, Hu, et al. reported the
synthesis of functional CP polymers that introduced alkenyl and alkynyl moieties into the anionic
component, facilitating possibilities for post-polymerization modifications.[31] In the case of
cationic moieties, the literature is dominated by reports of varying substituents on the ammonium
groups, including n-alkyl, cyclic and aromatic groups.[29,34–36,38] Common to all of their syntheses
is the need for specific precursors for each derivative, making the synthesis of a library of variously
substituted PZs very labor-intensive. In this thesis work, PZs with varying cationic centers, as well
as a range of different substituents on the cationic moieties, were obtained by reacting commercially
available nucleophiles with a novel sultone molecule that acts as a common precursor for all
derivatives, thus making PZ design variation more easily accessible.

5

Figure 3. Chemical structures of known PZs: pMPC, p(sulfobetaine methacrylate) (pSBMA) and
pSTS from left to right.

In a recent review on the design of synthetic PZs, Laschewsky, et al. stated that “Clearly, a
generalized picture including structure−property relationships is still missing. The unsatisfactory
situation is a consequence of the complexity of the problem on one hand. On the other hand, it is
also due to the astonishingly small number of zwitterionic structures implemented in polymers until
now because a vast majority of systems have been built from a set of only five monomers […].”[32]
Evidently, the lack of structural diversity of PZs, particularly with respect to the charge-bearing
atoms in the cationic moieties, has restricted the development of design criteria, as well as the
widespread utilization of PZs beyond aqueous systems, niche medical applications, and as
antifouling coatings. This motivates the discovery of new chemical compositions and fundamental
structure-property relationships, with examination of applications that cannot be achieved with
conventional PZ structures, which is the focus of the thesis work discussed in the following
chapters.
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B. Polymer Surfactants and Interfacial Activity
Surface active agents, or surfactants, are molecules that reduce the interfacial tension between
immiscible liquids and typically consist of a highly polar or hydrophilic component attached to an
apolar or hydrophobic component, thus making them amphiphilic.[42,43] Surfactants accumulate at
liquid-liquid interfaces with the polar segments attracted to the polar solvent, and the apolar
segments preferring the solvent of low polarity, thereby reducing the interfacial tension between
the immiscible liquids. Their amphiphilic properties and ability to lower the surface tension
between liquids allows them to stabilize and disperse liquid droplets that would otherwise
completely phase separate. These unique properties make surfactants essential components in
various fields, including detergents[44,45], medicine[46,47] and nanotechnology.[48–50]
While both small molecules and polymers can be surface active and function as surfactants, this
thesis work focuses on polymer surfactants. In many cases, polymer surfactants are comprised of
amphiphilic block copolymers, in which one block is hydrophilic and the other is hydrophobic.
Some popular examples of nonionic polymer surfactants are block copolymers comprised of
poly(ethylene oxide) (PEO) as the hydrophilic block, and poly(propylene oxide) (PPO) as the
hydrophobic block. Triblock copolymers made from PPO and PEO have been commercialized as
Poloxamers since the 1950’s.[43] An example of a homopolymer surfactant is the zwitterionic STS
polymer, developed by Santa Chalarca, et al., which enables the fabrication of oil-in-water (o/w)
emulsions that display salt-dependent adhesive properties.[25] Newly developed sulfonium sulfonate
analogues with inverted dipole direction will be compared to these pSTS surfactants in Chapter IV
of this thesis.
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Figure 4. Schematic illustrations of small molecule and block copolymer surfactants, as well as a
surfactant-stabilized oil droplet in water.

In the scope of this work, the interfacial tension (IFT) between oil and water was measured via
pendant drop tensiometry, which was utilized to quantitatively compare the interfacial activity of a
library of PZ surfactants. For pendant drop tensiometry, a droplet of one liquid is dispensed from a
syringe such that both the hanging (or pendant) droplet and syringe tip are submerged in a
continuous phase of the immiscible liquid. A camera captures images of the droplet shape over
time which can then be used to calculate the IFT () with the formula included in Figure 5.[51]

Figure 5. Schematic illustration of a liquid droplet dispensed into an immiscible liquid for
pendant drop tensiometry, and formula used to determine the IFT .  is the difference in
density between the two immiscible liquids, g is the gravitational acceleration constant, R is the
radius at the droplet apex and B is the Bond number, a shape dependent parameter that can be
derived through using empirically determined constants.
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C. RAFT Polymerization
Several controlled free radical polymerization techniques have emerged over recent decades, most
notably atom transfer radical polymerization (ATRP)52, nitroxide-mediated polymerization
(NMP)[53] and reversible addition-fragmentation chain-transfer polymerization (RAFT).[54]
Controlled free radical polymerization techniques have several advantages over conventional free
radical polymerization, most notably better control over the average polymer molecular weight
(Mn= number-average, Mw= weight-average) and polydispersity index (PDI or Đ= Mw/Mn).
Additionally, the living character and high end-group fidelity of controlled free radical
polymerization techniques enables the facile synthesis of complex architectures, such as block
copolymers. The active transfer agent end-groups attached to the polymer after completion of the
initial polymerization reaction, enables further monomer addition to extend the polymer chain.[55]

Figure 6. Summary of the essential steps in the RAFT polymerization mechanism.

In this work, RAFT was selected as the polymerization method for the synthesis of novel PZs and
thus will be explained in more detail. The key to RAFT is the presence of a chain-transfer agent
(CTA), which is used to establish an equilibrium between actively growing and dormant polymer
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chains by addition and fragmentation of the growing chain to and from the CTA, respectively.
When the rate of addition/fragmentation is greater than the rate of monomer addition to the growing
polymer chains, it results in one or no monomer unit being added to the polymer chains per
addition/fragmentation cycle, thus ensuring that all chains have roughly the same degree of
polymerization (DP) at any given time during the reaction. Generally, the CTA-to-initiator ratio in
RAFT polymerizations is kept as high as possible (ideally 10:1 or higher), since the number of dead
chain ends increases with the amount of decomposed initiator in the system. [54,56] A schematic
illustration of the RAFT mechanism is depicted in Figure 6. Dithioester (DTE) or trithiocarbonate
(TTC) groups facilitate the addition/fragmentation equilibrium in many commercially available
RAFT CTAs, and their substituents can be varied to fit specific monomers and reaction
conditions.[57] Since the chain-end fidelity is high after completion of the polymerization, the
polymer can be used as a “macro-CTA” after purification, and thus as a starting material to produce
block copolymers after re-initiation in the presence of new monomer.
D. Thesis Outline
Chapter II will outline the invention and development of phosphonium-based PZs as a new class
of polymer zwitterions, addressing current challenges of low structural diversity within the field of
polymer zwitterions. Novel phosphonium-based zwitterionic monomers, accessed by ring-opening
of substituted propane sultones with aliphatic and aromatic organophosphines, and their
polymerization by controlled free radical methods, will be described. The solution properties of
phosphonium PZs, which proved tunable by selection of the phosphonium R-groups, as well as
their distinction from more typical hydrophilic polymer zwitterions will be highlighted. Finally,
block copolymers prepared from these tailored phosphonium sulfonate zwitterions will highlight
their diverse range of solubility and amenability to aqueous polymer assembly, characterized by
nuclear magnetic resonance and dynamic light scattering.
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Chapter III encompasses the synthesis and characterization of a range of new ammonium sulfonate
monomers and polymers, again starting with ring-opening of the sultone precursor, from Chapter
II, with various commercially available tertiary amines. The effects of ammonium substituent
variation on polymer properties, such as solubility and interfacial activity, will be characterized by
dynamic light scattering and pendant drop tensiometry. Additionally, direct comparisons to the
phosphonium PZ analogues, developed in Chapter II, will provide key insight into the role of cation
selection in PZ material properties.
Chapter IV describes the synthesis of new zwitterionic sulfonium sulfonate monomers, reinforcing
the versatility of the sultone precursor, and their use in controlled free radical polymerization to
yield the corresponding PZs. For these polymers, physical and chemical properties, such as
solubility, interfacial activity and stability towards nucleophiles, will be compared to known
sulfonium sulfonate polymers that are essentially analogous structures but with inverted dipole
directionality. More significantly, solubility screening, pendant drop tensiometry, and
emulsification experiments will be used to correlate chemical structure and inter-zwitterion
interactions.
Finally, future research directions and preliminary experimental results in the context of this thesis
work will be outlined in Chapter V. The significant advances regarding the diversity of PZ
architectures and structure-property relationship information, gained from the research described
in this dissertation, will facilitate the exploration of new PZ applications. As such, the relevance of
organosoluble PZs in metal halide perovskite solar cells will be noted in this chapter. Additionally,
the synthesis of novel, functional and non-functional PZs will be proposed for further expansion of
the PZ library and their application to polymer-cargo conjugates. Furthermore, preliminary
experimental data obtained from fouling studies on phosphonium PZ-coated substrates will be
discussed.
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CHAPTER II
THE INVENTION OF PHOSPHONIUM-BASED POLYMER
ZWITTERIONS
A. Background
Characteristic properties of polymer zwitterions, such as their hydrophilicity and ability to prevent
surface fouling, make them fundamentally interesting as well as useful in applications such as
surface coatings,[58,59] medical devices,[18] and drug delivery vehicles.[9] Zwitterion-water
interactions responsible for these properties are often depicted as an aqueous hydration layer
associated with the zwitterion molecular dipoles.[21] Conversely, polymer zwitterions are soluble in
very few organic solvents, thus leaving some fundamental solution properties unexplored. As
illustrated in Figure 8, widely studied polymer zwitterions contain phosphorylcholine (PC) or
sulfobetaine (SB) groups pendent to a methacrylic polymer backbone, shown as 1 and 2,
respectively. Indeed, poly(2-methacryloyloxyethyl phosphoryl choline), or polyMPC (1), as
pioneered by Nakai,[3] Ishihara,[4] Iwasaki,[16] and others, has proven exceptionally useful as
coatings for in vivo implants[19] and is being investigated in applications that hinge on its extreme
water-loving properties.[60] Poly(sulfobetaine methacrylate), or PSBMA (2), is also of interest in
non-fouling coatings[61] and applications ranging from salt-responsive gels[62] to electronic
materials interfaces.[63]
The chemical versatility of polymer zwitterions generally lies in their anionic components (i.e.,
phosphonate, sulfonate, and carboxylate), while the cationic portion is typically composed of
ammonium groups, with only a few reported alternatives, such as the sulfonium sulfonate polymers
(i.e., polymer 3 in Figure 1).

[4,25,61,64]

While phosphonium-based polyelectrolytes are well

known,[65,66] to our knowledge phosphonium-containing polymer zwitterions have only been
discussed,[8,32] with one example reported recently using post-polymerization functionalization of
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triarylphosphine pendent groups, affording materials not amenable to molecular weight
characterization.[67] Such a scarcity of literature on this topic is likely due in part to the strong
oxophilicity of the requisite phosphorous reagents and a lack of suitable reactive precursors. It is
well known that trialkylphosphines rapidly oxidize in the presence of oxygen, mainly to the
corresponding phosphine oxides and phosphinate esters, but also to phosphonates and phosphates
to a lesser degree.[68]

Figure 7. Possible oxidation products of trialkylphosphines.

We have pursued phosphonium-based polymer zwitterions, in the form of the styrenic
phosphonium sulfonate (SPS) polymers shown in Figure 8 as 4a-c, for their valuable structural
variation and tunable solution properties based on selection of the phosphonium ‘R’-groups. As
such, this chapter outlines the preparation of novel phosphonium-based zwitterionic monomers and
the corresponding PS-polymer zwitterions, as well as their fundamental solution properties and
examples of all-zwitterionic amphiphilic diblock copolymers containing PS-variants as one block.

Figure 8. Chemical structures of known polymer zwitterions 1-3 and the novel phosphonium
sulfonates 4a-c, highlighting the cationic components.
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B. Synthesis of Styrenic Phosphonium Sulfonate Monomers
As mentioned above, one of the biggest difficulties in preparing phosphonium-based PZs lies in
the lack of commercially available functional, asymmetric phosphines that could be used in their
synthesis. Additionally, the preparation of these precursor phosphines is non-trivial, due to
instability in the presence of oxygen. Hence, it is sensible to avoid the handling of phosphines
through multiple reaction steps in the synthetic strategy for the invention of phosphonium-based
PZs.
Figure 9 illustrates the synthesis and polymerization of PS-substituted styrene monomers 7a-c, in
which phosphonium installation in the final step circumvents complications associated with the
synthesis of asymmetric phosphines. This synthetic pathway hinges on the preparation of a novel
functional 1,3-propanesultone precursor that is amenable to ring-opening with nucleophilic
trialkyl- or triarylphosphines. Specifically, deprotonation of 1,3-propanesultone with n-BuLi in
THF at -78 °C, followed by addition of 4-vinylbenzyl iodide 5 (prepared by halide exchange on 4vinylbenzyl chloride with NaI in acetone[69]) yielded a mixture of mono- and difunctional sultones
that were separated easily by column chromatography.

Figure 9. Synthetic scheme for the preparation of PS monomers (R = n-butyl (a); n-octyl (b);
phenyl (c)).
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Sultone-substituted vinyl benzene 6 was isolated as a white solid in 76% yield and its structure was
confirmed by 1H NMR spectroscopy, noting characteristic vinyl signals at 6.69 ppm, 5.74 ppm, and
5.26 ppm, as well as aromatic resonances at 7.38 ppm and 7.19 ppm. The alkyl protons of the
sultone ring, which are split into five separate signals between 4.5 ppm and 2.3 ppm, integrate with
one fewer proton relative to the starting material, indicative of substitution alpha to the sulfur; the
more complex splitting pattern reflects the presence of a chiral center (Figure 10).

Figure 10. 1H (left) and 13C NMR (right) spectra of 4-vinylbenzyl sultone 6.
Sultone 6 proved stable for extended time frames when stored at -80 °C and was readily amenable
to ring-opening when using an excess of the selected phosphine at 90 °C in toluene. During the
subsequent ring-opening reactions, PS monomers with structures represented by 7 conveniently
precipitated as colorless solids prior to collection as white powders in >90% yield.

31

P NMR

spectroscopy also pointed to successful PS monomer synthesis, with clean single resonances at
34.0, 33.9, and 23.7 ppm for structures where R = n-butyl (7a), n-octyl (7b), and phenyl (7c),
respectively. Notably, these monomer syntheses were conducted without difficulty at the 10-gram
scale. HMQC NMR spectra of the SPS monomers were collected to definitively deconvolute the
proton signals in the 1H NMR spectra, which, like the sultone precursor 6, display complex splitting
due to the presence of a chiral center. All NMR and mass spectrometry data for each monomer (7ac) is displayed in the figures below.
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Figure 11. 1H (left) and 13C NMR (right) spectra of tri-n-butyl SPS 7a, recorded in MeOD.

Figure 12. 31P NMR (left) and HMQC (right) spectra of tri-n-butyl SPS 7a, recorded in MeOD.

Figure 13. ESI mass spectrum of tri-n-butyl SPS 7a.
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Figure 14. 1H (left) and 13C NMR (right) spectra of tri-n-octyl SPS 7b, recorded in MeOD.

Figure 15. 31P NMR (left) and HMQC (right) spectra of tri-n-octyl SPS 7b, recorded in MeOD.

Figure 16. ESI mass spectrum of tri-n-octyl SPS 7b.
17

Figure 17. 1H (left) and 13C NMR (right) spectra of triphenyl SPS 7c, recorded in MeOD.

Figure 18. 31P NMR (left) and HMQC (right) spectra of triphenyl SPS 7c, recorded in MeOD.

Figure 19. ESI mass spectrum of triphenyl SPS 7c.
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C. Polymerization of SPS monomers
Free radical polymerization of 7a-c under conventional initiation with 2,2′-azobis(2methylpropionitrile) (AIBN) or 4,4’-azobis(4-cyanovaleric acid) (ACVA) produced the corresponding polymer products 8a-c as white solids. The SPS monomers 7a-c were also polymerized
successfully by reversible addition-fragmentation chain-transfer (RAFT) polymerization to afford
9a-c as shown in Figure 20.

Figure 20. Synthetic scheme for the preparation of PS-polymer zwitterions by free radical and
RAFT polymerization (R = n-butyl (a); n-octyl (b); phenyl (c)).

RAFT polymerization conditions were initially optimized by variation of monomer concentration,
choice of chain transfer agent (CTA), and CTA-to-initiator ratio. When comparing the
commercially available CTAs 4-cyano-4-(dodecylsulfanyl thiocarbonyl)sulfanyl pentanoic acid
(TTC-CTA) and 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (DTE-CTA), the former
produced the best results with almost quantitative monomer conversions. Ideally, the CTA-toinitiator ratios for RAFT are kept as high as possible (20:1 to 10:1) to reduce the amount of dead
chain ends. In this work, a ratio of 3:1 resulted in the highest conversions, while still maintaining
well-controlled polymerizations as evidenced by the GPC data shown below. Finally, the RAFT
polymerizations were conducted at 1.6 M monomer in methanol, using 4-cyano-4-(dodecylsulfanyl
thiocarbonyl)sulfanyl pentanoic acid as the CTA and ACVA as the initiator. The excellent control
over molecular weight afforded by RAFT was revealed by narrow, monomodal gel permeation
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chromatography (GPC) traces (polydispersity index (PDI) ~1.2 or less) of the polymer products,
performed with trifluoroethanol which proved useful as the mobile phase for GPC. The CTA-tomonomer ratio was varied to achieve degrees of polymerization (DP) from ~20-60. The
characterization data in Table 1 for polymers 9a-c indicate high monomer conversion and fine
control over PDI, with reasonable agreement between target (calculated) and estimated (by GPC)
number-average molecular weight (Mn) values. Interestingly, DP values above approximately 60
could not be achieved with the previously described reaction conditions, which may potentially be
attributable to decreasing polymer solubility at higher molecular weights that could hinder further
propagation.
Table 1. Results of RAFT polymerization of PS-substituted monomers 9a-c, with molecular
weights estimated by GPC.
R

n-butyl (9a)
(9a)
n-octyl (9b)

phenyl (9c)

Target Mn
(kDa)

% conv.

Mn (kDa)

PDI

8.8
17.6
26.4
12.2
24.4
36.6
10.0
20.0
30.0

90
92
92
97
92
NA
98
96
90

12.0
19.9
27.9
13.3
17.2
18.0
13.9
21.1
27.1

1.05
1.07
1.08
1.05
1.06
1.06
1.05
1.10
1.13

Following RAFT polymerization, the resulting polymer solutions were diluted with methanol and
purified by dialysis (against water for 9a and against methanol, then water, for 9b and 9c).
Lyophilization of the dialyzed product yielded the PS-substituted polymers as yellow solids in 7085% isolated yield. Polymer solubility hinged on the R-substituent: all iterations dissolve in various
organic solvents, however the tri-n-butyl derivatives (9a) readily dissolve in water while the tri-noctyl (9b) and triphenyl (9c) versions do not.
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Figure 21. Left: GPC traces of polymer 9a, taken in trifluoroethanol (TFE), right: 1H NMR
spectrum of 9a, recorded in MeOD.

The 1H NMR spectrum of 9a displays the characteristic signal broadening of polymers, with the
styrenic protons appearing as broad resonances between 6.0 and 7.5 ppm. The remaining alkyl
proton signals mirror the chemical shifts of the monomer and appear as broad signals between 0.8
and 3.8 ppm, overlapping with the CTA and backbone proton resonances (Figure 21).

Figure 22. Left: GPC traces of polymer 9b, taken in TFE, right: 1H NMR spectrum of 9b,
recorded in MeOD.

As was the case for the n-butyl derivative, the 1H NMR spectrum of the n-octyl SPS polymer 9b
displays broad resonances for the styrenic protons between 6.0 and 7.5 ppm. The remaining alkyl
proton signals, as well as the overlapping resonances of the CTA protons, appear as broad signals
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between 0.8 and 3.7 ppm. Purification of polymer 9b by dialysis proved to be the most difficult, as
evidenced by small residual styrenic and vinyl proton signals of the monomer (~1% abundance),
shown in the example spectrum in Figure 22. Further dialysis often still resulted in the persistence
of residual monomer and precipitation proved non-trivial due to the similar solubility properties of
the monomer and polymers.

Figure 23. Left: GPC traces of polymer 9c, taken in TFE, right: 1H NMR spectrum of 9c,
recorded in MeOD.

In the 1H NMR spectrum of polymer 9c, broad resonances between 7.5 to 8.0 ppm and 6.0 to 7.5
ppm represent the protons of the phenyl substituents and the styrenic moiety, respectively. The
remaining alkyl proton signals, as well as the overlapping resonances of the CTA protons, appear
as broad signals between 0.7 and 4.1 ppm (Figure 23).
The 31P NMR spectra of the SPS polymers, shown in Figure 24, display single, clean resonances
that are broadened, but mirror the chemical shifts of the monomers, further confirming the retention
of the chemical structure, and thus stability, of the pendent groups throughout the polymerization
process.
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Figure 24. Stacked 31P NMR spectra of SPS polymers 9a-c.

Random copolymers of the SPS monomers are preparable as well, which is shown by the example
of a copolymer made from the tri-n-butyl and triphenyl SPS monomers using the RAFT conditions
that were established for the homopolymers.

Figure 25. Synthetic scheme for the preparation of the random PS-copolymer from 7a and 7c by
RAFT polymerization.

A total degree of polymerization of 60, with a feed ratio of 1:1 for the tri-n-butyl 7a and triphenyl
SPS 7c monomers, was targeted. Both monomers were successfully incorporated into the
copolymer and the relative repeat unit ratio closely matched that of the monomer feed ratio, as
evidenced by the comparison of the proton signal integrals of the phenyl substituents between 7.4
and 8.0 ppm, and that of the styrenic backbone between 6.0 and 7.4 ppm. Additionally, the 31P
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NMR spectrum displays resonances at 23.8 and 34.3 ppm, representing the phosphorous atoms of
the tri-n-butyl and triphenyl SPS units, respectively (Figure 26). The GPC data in Figure 27 shows
a narrow and monomodal molecular weight distribution with a PDI of 1.14, which indicates a wellcontrolled polymerization. Furthermore, the estimated Mn of 30.0 kDa closely matches the target
molecular weight, thus confirming good control over the polymer molecular weight.

Figure 26. 1H (left) and 31P NMR (right) spectra of the random copolymer synthesized from 7a
and 7c, recorded in MeOD.

Figure 27. GPC trace of the random copolymer synthesized from 7a and 7c (elution in TFE).
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D. Solution and Bulk Properties of SPS Homopolymers
Contrary to most conventional PZs, each of the phosphonium-based SPS polymers 9a-c display
solubility in a range of organic solvents, i.e., methanol, chloroform, dichloromethane. Their
individual solubility hinges on the choice of the R-substituents on the phosphonium cation. While
the n-butyl derivative 9a is readily soluble in water (>20 mg/mL), polymer 9b and 9c are insoluble
in water, due to their larger hydrophobic n-octyl and phenyl substituents, respectively. Surprisingly,
the most hydrophobic derivative 9b can dissolve in some apolar solvents, such as mesitylene.
Interestingly, when polymer 8c was prepared by conventional free radical polymerization, it
displayed a lower critical solution temperature (LCST) of 25 °C in chloroform, as determined by
cloud point measurements at 1 mg/mL (Figure 28). This LCST behavior was not observed for the
polymer 9c that was prepared by RAFT. The presence of higher molecular weight species within
the polymer that was prepared by free radical polymerization (8c, Mn= 35.0 kDa, PDI= 2.02) may
be the cause for this unique solution behavior, since molecular weight generally has a significant
effect on polymer solubility. However, more experiments are necessary to definitively assess the
cause for this behavior.

Figure 28. Plot of transmittance vs temperature for a solution of triphenyl SPS polymer 8c in
chloroform.
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Such solubility control is only minimally available for most polymer zwitterions and for the PSpolymers benefits from the proximity of the R-groups to the cationic center that would be expected
to modulate solvent-zwitterion and inter-zwitterion interactions.[8,32,35] The hydrophilic zwitterionic
dipole, paired with the hydrophobic substituents and styrenic backbone, make the SPS polymers
inherently amphiphilic. As such, these polymer zwitterions offer opportunities in interfacial science
as surfactants, which we examined by preparing oil-in-water (o/w) emulsions using water and a
variety of organic solvents, including trichlorobenzene (TCB) and chloroform. When emulsions
where prepared from polymer 9a, the polymer was introduced from the aqueous phase, whereas 9b
and 9c allowed initial dissolution in the organic solvent. Vortexing mixtures of any of these
polymers (~10 mg/mL) with equal volumes of water and organic solvent afforded what initially
seemed like simple o/w emulsions that proved stable for days-to-months under ambient conditions
(Figure 29). Fluorescence microscopy revealed the formation of complex water-in-oil-in-water
(w/o/w) emulsion droplets, which will be discussed further in Chapter III. In the inverse case of
water-in-oil (w/o) emulsions prepared from polymer 9c at the same surfactant concentration, but
increasing the o:w ratio to 2:1, minimal temporal stability of the droplets (minutes) was observed.

Figure 29. Left: Optical microscopy image and photograph of TCB-in-water droplets stabilized
by polymer 9a (vial 1) and block copolymer 10c (vial 2, see chapter II.V). Right: schematic
illustration of droplets stabilized by PS-polymers at the fluid-fluid interface.

Pendant-drop tensiometry of TCB in an aqueous solution of tri-n-butyl PS polymer (9a, DP=20)
was conducted with a polymer concentration of 0.5 mg/mL to evaluate the fluid-fluid interfacial
energies of the o/w system. Notably, the presence of polymer 9a in the aqueous solution reduced
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the TCB-water interfacial tension from its initial value of 41.8 mN/m for the pure solvents, to 4.4
mN/m (Figure 30).

Figure 30. Plot of interfacial tension vs time for TCB in a tri-n-butyl-PS polymer solution (0.5
mg/mL).

Polymers 9a and 9c formed visually uniform films of ~100 nm thickness when spin-coated on Si
or glass substrates from ethyl lactate solutions (15 mg/mL, 2000 rpm), as measured by variable
angle spectroscopic ellipsometry (VASE). Contact angle (CA) measurements were performed
using water droplets on polymer 9a and 9c-coated glass and Si substrates, with the butyl R-groups
imparting significantly lower CAs for 9a (15-20°) than seen for the aromatic 9c (40-45°). The PSpolymers also showed good thermal stability, as seen in polymer 9c, which by thermogravimetric
analysis (TGA) displayed a degradation onset in nitrogen of 353 °C (Figure 31), which approaches
that of polystyrene and confirms that PS-substituted polymers will be useful across a broad
temperature range.
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Figure 31. TGA analysis of triphenyl SPS polymers made by free radical (8c, black) and RAFT
polymerization (9c, red).

E. Cytotoxicity of Tri-n-butyl SPS Polymer 9a
Considering that polymer zwitterions are of growing interest in biological applications, [19,59,60] a
preliminary investigation of the cytotoxicity of the water soluble, PS-substituted polymers was
performed in cell culture using the human cell lines HEK293 (human embryonic kidney cells) and
MDA-MB-231 (human breast adenocarcinoma cells). The cells were exposed to dissolved polymer
in growth medium (DMEM with 10% FBS and 1% penicillin/streptomycin) at 0.05-5 mg/mL
polymer for 48 hours, with a luminescence assay performed after 48 hours of exposure to quantify
cell viability (Figures 32/33).

For example, testing of polymer 9a at higher degrees of

polymerization (DP ~40 and 60) revealed a low level of cytotoxicity, with little-to-no statistical
decline of cell viability over this concentration range; for the lower molecular weight sample (DP
~20), cell viability remained consistently high up to 1 mg/mL polymer, only dropping off for
structures analyzed at 5 mg/mL. The higher toxicity of the low molecular weight polymers may be
attributable to their relative ease of penetration of the cell membranes compared to the higher
molecular weight samples, as was suggested in studies on poly(N-isopropylacrylamide).[70]
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Figure 32. MDA-MB-231 cell viability normalized to the control and plotted as a function of trin-butyl SPS polymer (9a) concentration at DP 20, 40, and 60. The error bars represent the
standard deviation of each condition.

Figure 33. HEK293 cell viability normalized to the control and plotted as a function of tri-n-butyl
SPS polymer (9a) concentration at DP 20, 40, and 60 in mg/mL. The error bars represent the
standard deviation of each condition.

Overall, the results indicate the potential use of PS-substituted polymer zwitterions in biological
applications and will motivate further studies as gels, delivery vehicles, coatings, and the like.
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F. Synthesis of Block Copolymers from MPC and SPS
The PS-substituted monomers also proved amenable to inclusion in PS-PC block copolymer
structures. For example, starting from 7a-c, block copolymers were synthesized with target PC:PS
ratios of 3:1, 3:2 and 1:1 to afford 10a-c. This was achieved by first synthesizing a pMPC macroCTA by RAFT with a CTA-to-initiator ratio of 10:1 and a target DP of 60 (measured by 1H NMR
as DP = 63). Purification by dialysis against water, followed by lyophilization afforded pMPC as
light-yellow solid in 99% yield. Successful synthesis was confirmed by 1H NMR spectroscopy,
with the collected spectrum displaying the characteristic proton signals expected for the polymer
(Figure 34).

Figure 34. Synthetic scheme for the pMPC macro-CTA (left) and 1H NMR spectrum of the
product (right).

The macro-CTA was extended, also by RAFT, by heating a methanol solution of the macro-CTA
(1 equivalent) with 7a-c in the presence of 0.33 equivalents of ACVA for 18 h. After purification
by dialysis, first in methanol then in water, followed by lyophilization, the block copolymer
products were obtained as light-yellow solids in typical yields of 70-80%.
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Figure 35. Synthesis of block copolymers 10a-c (R = n-butyl for 10a, n-octyl for 10b, and phenyl
for 10c).

As shown by the data in Table 2 and the GPC traces in Figure 37, the tri-n-butyl SPS-containing
block copolymers 10a had well-controlled polymerizations. While the targeted 3:1 PC-to-PS ratio
was closely matched, according to calculations made with representative 1H NMR signals (styrenic
protons from PS between 6.0 and 7.5 ppm, methylene protons from MPC between 4.0 and 4.5
ppm), it seemed more difficult to achieve the higher SPS mole fractions in the samples with a
targeted 3:2 and 1:1 feed ratio. This may be due to a decrease in polymer solubility as the molecular
weight increases during propagation, as was mentioned when discussing the molecular weight
limits for the SPS homopolymers. The 31P resonances appear at -0.5 ppm for the MPC block, and
at 34.3 ppm for the SPS block (Figure 36).
Table 2. Summary of RAFT polymerization results for block copolymer 10a.
Sample entry
MPC-CTA
10a – 1
10a – 2
10a – 3

Target SPS
DP
21
42
63

Conversion
(%)
89
60
81

Calculated DP
(1H-NMR)
63
19
27
44
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Mn (kDa, GPC)

PDI

24.4
28.0
31.9
40.5

1.05
1.12
1.17
1.17

Figure 36. 1H (left) and 31P NMR (right) spectra of block copolymer 10a.

Figure 37. GPC trace of block copolymer 10a, taken in TFE.

Similarly, the polymerization for the tri-n-octyl SPS-containing block copolymers 10b were well
controlled, with limitations for the DP of SPS at higher molecular weights, as shown in Table 3
and the GPC traces in Figure 39. The same proton species as for derivative 10a (styrenic for SPS,
methylene for MPC) were used for the calculation of the DP for 10b by 1H NMR. The

31

P

resonances appear at -0.5 ppm for the MPC block, and at 34.3 ppm for the SPS block (Figure 38).
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Table 3. Summary of RAFT polymerization results for block copolymer 10b.
Sample entry
MPC-CTA
10b – 1
10b – 2
10b – 3

Target SPS
DP
21
42
63

Conversion
(%)
83
72
83

Calculated DP
(1H-NMR)
63
18
28
31

Mn (kDa, GPC)

PDI

24.4
27.6
30.7
36.7

1.05
1.17
1.20
1.24

Figure 38. 1H (left) and 31P NMR (right) spectra of block copolymer 10b.

Figure 39. GPC trace of block copolymer 10b, taken in TFE.
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Finally, the polymerization reactions for the triphenyl SPS-containing block copolymers 10c
displayed comparable characteristics to those for block copolymers 10a and 10b, as shown in Table
4 and the GPC traces in Figure 41. DP calculations by 1H NMR were conducted by comparing the
integrals of the proton signals of the SPS phenyl substituents between 7.4 and 8.0 ppm and the
characteristic MPC methylene proton signals between 4.0 and 4.5 ppm. The 31P resonances appear
at -0.6 ppm for the MPC block, and at 23.7 ppm for the SPS block (Figure 40).
Table 4. Summary of RAFT polymerization results for block copolymer 10c.
Sample entry
MPC-CTA
10c – 1
10c – 2
10c – 3

Target SPS
DP
21
42
63

Conversion
(%)
83
83
68

Calculated DP
(1H-NMR)
63
17
35
43

Mn (kDa, GPC)

PDI

24.4
28.6
31.0
32.4

1.05
1.16
1.19
1.22

Figure 40. 1H (left) and 31P NMR (right) spectra of block copolymer 10c.
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Figure 41. GPC trace of block copolymer 10c, taken in TFE.

G. Solution Properties of MPC-b-SPS Block Copolymers
Like the SPS homopolymers, the MPC-b-SPS block copolymers also exhibited surfactant
properties, with long-term stabilization of oil-in water droplets, facilitated by their amphiphilic
character and the distinctly different hydrophilicity/phobicity of the PC- and PS-based blocks. The
water solubility and surface activity of block copolymer 10c is especially interesting, since
polyMPC by itself does not act as a surfactant and the phenyl-substituted PS-homopolymer 9c is
not soluble in water.
The 31P-NMR spectra in Figure 42 suggests that preferential solubility of the blocks of polymer
10c in chloroform, water, and/or methanol facilitates the formation of switchable solution
structures. The 1H NMR spectrum of 10c in methanol (red), a good solvent for both blocks, shows
clean P-signals for both blocks. In contrast, only one sharp signal is seen in deuterated water
(green), corresponding to the PC-block, while the phosphonium of the PS-block is barely visible,
suggesting that the hydrophilic PC-block facilitates solubility and shields the PS block from water.
The inverse was seen in the spectrum in CDCl3 (blue), where the phosphonium signal of the PS
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block is visible, but the PC phosphorous resonance is completely absent. Notably, the solubility of
10c in chloroform was significantly lower than in water, as evidenced by the relatively weak PS
phosphonium signal and its precipitation at similar concentrations (stable suspension in water;
precipitation in chloroform at 10 mg/mL).

Figure 42. Stacked 31P NMR spectra of a block copolymer of 10c (PC:PS ~3:2) in deuterated
methanol (red), water (green) and chloroform (blue), with schematic depiction of polymer
orientation within these solvents.

Dynamic light scattering (DLS) measurements were conducted in pure water with a Malvern
Zetasizer Nano ZS instrument on homopolymer 9a (12 kDa by GPC) at 0.1 mg/mL and block
copolymer 10c (3:2 ratio PC:PS ratio by 1H NMR) at concentrations of 0.01, 0.1 and 1 mg/mL.
Polymer 9a showed two size distributions in plots of scattering intensity vs. size, with the
distribution corresponding to the larger objects barely visible in size distribution vs. volume plots.
The smaller structures (~10 nm) correspond to essentially molecularly dissolved polymer chains,
while the larger objects (~300 nm) likely represent interpolymer aggregates (Figure 43). Block
copolymer 10c showed a single size distribution of ~60 nm, when examined at 0.1 mg/mL, likely
attributable to micellar assemblies with a hydrophobic SPS core and hydrophilic MPC shell, in
qualitatively agreement with the NMR data in Figure 42. In some cases, larger aggregates of 300350 nm are observed in addition to the smaller assemblies.

36

Figure 43. Volume distribution data obtained from DLS measurements of aqueous solutions of
polymers 9a (black) and 10c (red) at a concentration of 0.1 mg/mL.

Interestingly, block copolymer 10b, is completely soluble in chloroform with ~5% added methanol,
even up to a 3:1 PC:PS ratio, a solvent mixture in which polyMPC itself is completely insoluble.
This exemplifies the potency of these novel PS-zwitterions to tailor the solution properties of wellestablished polymer zwitterions without changing the overall zwitterionic nature of the polymer,
and as such new applications are anticipated to emerge.
H. Summary
In summary, the contents of this chapter described the synthesis of a new class of zwitterionic
monomers and polymers in which substituted phosphonium moieties comprise the cationic group.
These novel polymer zwitterions exhibit tunable solubility and interfacial properties that depend
on the chosen R-substituents of the phosphonium cation. Most notably, their solubility in a variety
of organic solvents is uncharacteristic of conventional polymer zwitterions and as such makes them
exciting new polymer amphiphiles for fundamental examination and in applications where
zwitterions may be advantageous. To our knowledge, the PC–PS block copolymer structures
represent rarely encountered examples of all-zwitterionic amphiphilic block copolymers that
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exhibit evidence of structural inversion in solution. The development of this phosphonium sulfonate
zwitterionic composition, along with the versatile sultone monomer precursor amenable to ring
opening with different nucleophiles, greatly expands the toolbox of available polymer zwitterions,
which may, in turn, open new applications not achievable with conventional zwitterionic structures.
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CHAPTER III
AMMONIUM SULFONATE-SUBSTITUTED POLYMER
ZWITTERIONS
A. Background
As discussed in the previous chapters, the properties of PZs can be tuned by variation of chemical
composition associated with the anion[16,17,24] or cation,[16,25,26] the dipole orientation,[]27 the
backbone structure,[16,26,28] and the substituents emanating from the ionic centers.[8,29,31–38] Though
the range of accessible structures has been limited primarily to nitrogen-based cations, our
development of 4-vinylbenzyl sultone as a monomer precursor enabled the preparation of novel
zwitterionic monomers and polymers containing phosphonium cations (see Chapter II).[26] Unlike
purely hydrophilic PZs, the resultant phosphonium sulfonate polymers displayed solubility in
organic solvents, as well as considerable oil-water interfacial activity, making them excellent
surfactants for emulsion stabilization. As we describe here, this sultone precursor proved amenable
to ring-opening with nucleophiles other than phosphines, such as tertiary amines, affording a new
set of zwitterionic ammonium sulfonate monomers and polymers. Ammonium-based PZs, such as
the phosphorylcholine (PC) and sulfobetaine (SB)-substituted methacrylates shown as 1 and 2,
respectively, in Figure 44, are among the most popular PZs, with more recent reports examining
substituents on the cation, including aliphatic and cyclic examples.[29,36] However, we recognized
that a one-step synthesis of variously substituted ammonium sulfonate PZs from a common cyclic
precursor, and commercially available amines, would be advantageous relative to more complex
synthetic strategies. Thus, preparing a new set of PZs with identical architectures, differing only by
the substituents at the cationic center, allows for investigation of fundamental structure-property
relationships that are valuable for evaluating PZ design criteria. Moreover, the PZ structures
described here give access to direct comparisons with the styrenic phosphonium sulfonate (SPS)
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zwitterions,[26] and the impact of nitrogen vs. phosphorous as the cationic center. To our knowledge,
such a direct comparison pertaining to the effect of cation identity on material properties has not
been reported, and as such we describe the synthesis of a new library of ammonium sulfonate PZs
from this versatile sultone precursor, along with their fundamental solution and fluid interface
properties.

Figure 44. Examples of previously reported PZs, including: pMPC 1, pSBMA 2, pSTS 3, pSPS
4, and the new styrenic ammonium sulfonate polymer pSAS 10.
B. Synthesis of Styrenic Ammonium Sulfonate Monomers
All of the zwitterionic monomers of type 11 were prepared utilizing 4-vinylbenzyl sultone 6 as the
key cyclic precursor.[26] Several nucleophilic amines, specifically pyridine and the tertiary amines
trimethyl, triethyl, tripropyl, tri-n-butyl and tri-n-octylamine, were employed in the ring-opening
of 6 by stirring as toluene solutions at 80-100 °C.

Figure 45. Ring-opening reactions for the preparation of ammonium sulfonate-substituted
zwitterionic monomers of type 11 (tertiary amines – left; pyridine – right).
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During the course of the reaction, ammonium sulfonate monomers 11a-f precipitated from toluene
as colorless solids. These monomer syntheses, depicted in Figure 45, were conducted on a
multigram scale to give yields in the 85-99% range. Monomer solubility (e.g., in water, methanol,
or chloroform) varied with selection of R-groups on the ammonium cation. For example, the tri-npropyl derivative 11c formed a clear solution in MeOH at room temperature at high concentrations
(~500 mg/mL), while the tri-n-butyl derivative 11d required slightly elevated temperatures to attain
solubility in MeOH at a similar concentration. Successful monomer preparation was confirmed by
1

H and 13C NMR spectroscopic characterization, as well as ESI mass spectrometry. In the 1H NMR

spectra of 11a-f, signals characteristic of the styrenic protons appear between 7.1 and 7.5 ppm,
while additional aromatic signals are found between 8.0 and 8.8 ppm for the pyridinium derivative
11f. The three vinyl protons generate one resonance each, at 5.2, 5.8 and 6.7 ppm, while the alkyl
signals of the ring-opened sultone, as well as those of the substituents on the cationic moieties of
monomers 11a-e, appear between 0.9 and 3.7 ppm. HMQC NMR was conducted to aid in the
definitive assignment of the alkyl proton signals, since they display complex splitting due to the
presence of a chiral center at the methine carbon like the SPS monomers discussed in Chapter II.
The NMR and mass spectrometry data of the monomers of type 11 is summarized in the Figures
46-57 below.

Figure 46. 1H (left) and 13C NMR (right) spectra of 4-(trimethylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11a, recorded in MeOD.
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Figure 47. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11a.

Figure 48. 1H (left) and 13C NMR (right) spectra of 4-(triethylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11b, recorded in MeOD.

Figure 49. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11b.
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Figure 50. 1H (left) and 13C NMR (right) spectra of 4-(tripropylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11c, recorded in MeOD.

Figure 51. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11c.

Figure 52. 1H (left) and 13C NMR (right) spectra of 4-(tri-n-butylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11d, recorded in MeOD.
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Figure 53. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11d.

Figure 54. 1H (left) and 13C NMR (right) spectra of 4-(tri-n-octylammonio)-1-(4-vinylphenyl)
butane-2-sulfonate 11e, recorded in MeOD.

Figure 55. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS monomer
11e.
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Figure 56. 1H (left) and 13C NMR (right) spectra of 4-(1-Pyridinio)-1-(4-vinylphenyl)butane-2sulfonate 11f, recorded in MeOD.

Figure 57. ESI mass (left) and HMQC NMR (right, recorded in MeOD) spectra of SAS
monomer 11f.

These ammonium sulfonate zwitterions may be viewed as “inverted sulfobetaines”, since the ions
and the direction of the dipole associated with the inner salt structure is inverted relative to the SBsubstituted methacrylate and styrenic polymers typically encountered in the literature.[33–38] While
the SB-substituted methacrylate polymers are widely used and prepared from commercially
available monomer, the styrenic version has been employed less frequently, with examples in the
literature

involving grafting-from

chemistry on cellulose

and

segmented

poly(ether

urethane),[71,72]as well as by our group as components of copolymers that afford self-adhesive
droplets.[73] The inverted SB structures prepared here benefit from greater variability in monomer
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composition associated with the facile nucleophilic ring-opening of sultone 6 with any of a variety
of amines. In contrast, the synthesis of substituted methacrylic sulfobetaines requires more complex
synthetic routes involving secondary amines or asymmetric sulfonate-substituted tertiary
amines.[29,34–36,38] Such structural variation bears directly on properties: in our experience,
conventionally oriented styrenic sulfobetaine polymers only dissolve in aqueous salt solution (i.e.,
but not in pure water), whereas the novel ammonium sulfonate-substituted polymers, except for the
tri-n-octyl derivative, dissolve in pure water, and all dissolve in methanol.[33,73]
C. Polymerization of SAS Monomers
Controlled free radical polymerization was performed successfully on monomers 11a-f using
RAFT polymerization in methanol at a monomer concentration of 0.8-1.3 M. 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid was employed as the CTA and ACVA as
the initiator (in a 3:1 CTA:ACVA ratio). The polymerizations were conducted at 70 °C over a
period of 18 hours, targeting degrees of polymerization (DP) of 20, 30 and 50 for each derivative
by variation of the monomer-to-CTA ratio. Typical monomer conversions were >80%, as
calculated by integrating the characteristic aromatic and vinyl proton signals in the 1H NMR spectra
of the crude products.

Figure 58. Synthetic scheme for the preparation of AS-polymer zwitterions by RAFT
polymerization.
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All of the polymers were purified by dialysis against water, or methanol followed by water,
depending on their solubility and were characterized by 1H NMR spectroscopy and gel permeation
chromatography using TFE as the eluent. Typical yields of the isolated polymers after dialysis
ranged from 70-85%. 1H NMR spectroscopy of the polymer products showed characteristic signal
broadening and an absence of vinyl proton signals, indicating successful polymer formation and
removal of residual monomer. Molecular weight characterization by GPC confirmed successful
RAFT for producing narrow molecular weight distributions, with dispersity (Đ) values <1.2 for all
derivatives. Generally, molecular weights in the ~10-30 kDa range were obtained, which correlated
reasonably well with the targeted values. This is reflected in representative narrow, monomodal
GPC traces of the polymers 10a-f, shown in Figure 59-64.
Polymer solubility varied with selection of R-groups on the ammonium cations: all of the polymers
proved soluble in methanol, while all but the tri-n-octyl derivative were soluble in water. Most
derivatives were poorly soluble in chloroform, with exception of the tri-n-octyl pSAS 10e. The
lower solubility of the tri-n-butyl pSAS 10d in chloroform compared to the tri-n-butyl-substituted
pSPS 4 shows the impact of small structural changes and the increase in hydrophobicity when
transitioning from ammonium to phosphonium PZs.

Figure 59. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10a with target DPs of 20, 30 and 50.
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Figure 60. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10b with target DPs of 20, 30 and 50.

Figure 61. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10c with target DPs of 20, 30 and 50.

Figure 62. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in MeOD,
right) of polymers 10d with target DPs of 20, 30 and 50.
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Figure 63. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in CDCl3,
right) of polymers 10e with target DPs of 20, 30 and 50.

Figure 64. GPC traces (left, TFE as eluent) and representative 1H NMR spectrum (in D2O, right)
of polymers 10f with target DPs of 20, 30 and 50.

D. Dynamic Light Scattering of Ammonium and Phosphonium PZs
Dynamic light scattering (DLS) was performed on the water-soluble PZs 10a-d,f (Mn= 13.6-17.9
kDa by GPC, target DP 30) and the phosphonium sulfonate (PS)-substituted polymer 4 (where R=
n-butyl, Mn= 19.9 kDa by GPC, target DP 40). The measurements were conducted using aqueous
polymer solutions at a concentration of 0.05 wt% on an ALV instrument (Angewandte Laser
Vertriebsgesellschaft mbH, Hessen, Germany) at a scattering angle of 90 degrees and the data
obtained are summarized in Table 5 and Figures 65 and 66.
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Figure 65. Autocorrelation functions obtained from dynamic light scattering experiments in
water for water-soluble polymers of type 10 and the n-butyl-substituted SPS polymer.

Table 5. Dynamic light scattering data summarizing the hydrodynamic radii of structures
identified as the slow and fast modes for PZs 10a-d,f (SAS) and the tri-n-butyl-substituted PS
polymer (SPS).
Polymer

SASa)

SPSb)

R=

Fast mode
(nm)

Slow mode
(nm)

methyl

2.4

28.9

ethyl

2.6

49.9

propyl

4.8

46.6

n-butyl

7.5

79.2

pyridinium

2.9

38.6

3.3

51.1

n-butyl
a)

Target DP = 30;

b)

Target DP = 40

Two distinct relaxation or dynamical modes, referred to as the “fast mode” and the “slow mode”,
were used to describe the diffusive behavior of the PZs. These are extracted from the measured
time autocorrelation functions, yielding distinct hydrodynamic radii at different length scales.
Analogous to our earlier dynamic light scattering study on PZs,[27] the fast mode describes the
dynamics of single polymer chains, whereas the slow mode corresponds to multi-chain aggregates
of a larger length scale that can be attributed to inter-zwitterion interactions. While we do not
describe the specific shape of these aggregates, they may be elucidated in future studies by
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conducting static light scattering in solution and electron microscopy experiments under cryogenic
conditions. Generally, the observation of multiple modes is consistent with previous light scattering
studies of PZs.[27,74] Similarly, for the PS-substituted PZs (4), fast and slow modes were observed.
When comparing the hydrodynamic radii of the fast mode for the five water soluble SAS PZs, a
clear trend based on the R-substituents on the cationic moieties was observed. The hydrodynamic
radii increase from 2.4 nm for the trimethyl SAS polymer 10a to 7.5 nm for the tri-n-butyl SAS
polymer 10d, while the hydrodynamic radius of the pyridinium derivative 10f (2.9 nm) lies between
that of the ethyl 10b (2.6 nm) and propyl 10c (4.8 nm) SAS polymers. Evidently, the single chain
hydrodynamic radius depends on the R-substituent size, with longer alkyl chains resulting in larger
solution structures.

Figure 66. Plot of the hydrodynamic radii, and corresponding schematic illustrations, for the fast
and slow modes of polymers 10a-d obtained from DLS.

Light scattering evaluation of the four ammonium sulfonate PZs 10a-d also revealed a general
correlation between the alkyl chain length and the observed length scale of the slow mode. With
larger R-groups, the hydrodynamic radii likewise increased, from 28.9 nm for the methyl derivative
10a to 79.2 nm for the n-butyl derivative 10d (see Table 5 and Figure 66). This behavior likely
results from inter-chain packing within multi-chain assemblies, wherein the larger R-groups
51

increase the length scale of such interactions. Moreover, specifically comparing the two tri-n-butylsubstituted polymers, pSAS (ammonium) and pSPS (phosphonium), the fast and slow modes of
pSAS 10d (7.5 and 79.2 nm, respectively) were found to be significantly larger than those of the
SPS polymer (3.3 and 51.1 nm, respectively), despite the greater DP of the latter. This finding
indicates that the aggregation of multiple chains is sensitive to both the chemistry of the alkyl
substituents and the identity of the cationic center. We speculate that the ammonium cations may
interact more favorably with water than the phosphonium cations, attributed to their smaller size
and lower polarizability, which in turn allows the pSAS chains to adopt a larger, more solventswollen, configuration.[75–77]
E. Properties of Ammonium and Phosphonium PZs at Fluid Interfaces
The fluid-fluid interfacial activity of the novel water-soluble SAS PZs was examined by pendant
drop tensiometry (Data Physics OCA-15plus tensiometer in pendant drop mode) using droplets of
TCB in aqueous polymer solutions. These experiments were conducted to assess the effect of the
cationic substituents on the fluid-fluid interfacial tension (IFT). For this, SAS polymers 10a-d,f,
synthesized with a target DP of 30, were employed as 0.5 mg mL-1 solutions in water. TCB was
dispensed into the solutions with a flat tip needle (outer diameter = 1.57 mm) to afford droplets of
~6 µL in volume. In Figure 67, the evolution of the IFT as a function of time shows that both the
initial and final values correlate inversely with alkyl group length, with longer alkyl chains
affording lower IFT values. IFT changes proved substantial for this PZ series, declining by over 10
mN m-1 when going from the methyl derivative 10a (18.1 mN m-1) to the n-butyl-substituted 8d
(7.7 mN m-1), while the pyridinium substituted PZs, measuring 13.9 mN m-1, resembled the ethyl
and propyl derivatives. Evidently, larger hydrophobic substituents balance the hydrophilicity
provided by the zwitterionic moieties, thus enhancing PZ amphiphilicity. As shown in Figure 67
(middle), the ammonium vs. phosphonium structures were again compared, using a needle of
smaller outer diameter (0.82 mm, 21 G), since smaller droplet sizes (~2 µL) were required to
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achieve stability in reaching the equilibrium IFT. As seen in Figure 67 (left), in the case of the trin-butyl ammonium 10d and phosphonium derivatives, with the larger needles, the pendant droplets
fell off the needle in less than 500 seconds, ending the measurement. Even with the smaller needle
diameter (Figure 67, middle) the droplet stabilized by the phosphonium-based polymer fell off at
~1500 seconds, sooner than in the measurement with the ammonium-based polymer 10a, attributed
to the substantial reduction in IFT.

Figure 67. Pendant drop tensiometry data for TCB-in-water droplets using SAS and SPS PZs.
Left: Plot of interfacial tension vs. time comparing all SAS derivatives 10a-d,f and the tri-n-butyl
SPS derivative with a needle diameter of 1.57 mm and ~6 µL droplet volume; Middle: Plot of
interfacial tension vs time, comparing 10d and n-butyl pSPS (4) with a smaller needle of 0.82 mm
and droplet size of ~2 µL. Right: Equilibrium interfacial tension values for 10a-d,f and the nbutyl-substituted SPS.

Nonetheless, judging from the asymptotic trajectory of the obtained data, we suggest that a quasiequilibrium IFT was reached in these experiments. Tracking the IFT over time shows that the initial
and final values for the phosphonium derivative (6.3 mN m-1) are lower than those of the
ammonium derivative (7.7 mN m-1), indicating higher interfacial activity for the SPS polymer.
Additionally, the initial decrease in IFT over time appears to proceed more rapidly for pSPS than
pSAS, suggesting faster assembly kinetics of the former to the fluid-fluid interface. Overall, these
experiments help build a library of charge-neutral PZ surfactants for which the choice of cation
atom and its substituents finely tune interfacial properties in fluids, while providing fundamental
insight into PZ structure-property relationships and their design criteria. Specifically, the interplay
of the zwitterionic dipole and ion substituents determines polymer properties, with longer alkyl
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chains at the cationic center providing hydrophobicity that serves to increase interfacial activity for
this polymer architecture. Additionally, the stronger polarizability of phosphonium compared to
ammonium cations likely reduces hydrophilicity due to weaker association with surrounding water
molecules and thus in turn increases the PZ’s interfacial activity.
The surfactant properties of these new SAS PZs were investigated in droplet stabilization
experiments by the attempted preparation of oil-in-water emulsion droplets. A mixture of TCB as
the organic solvent and aqueous polymer solutions (10 mg mL-1; 1 mL of each solvent phase) was
mixed by vortexing in a scintillation vial for one minute. While the n-propyl and n-butyl-substituted
PZs 10c and 10d rapidly formed stable emulsions, the methyl derivative 10a required multiple
mixing cycles to form an emulsion phase that coalesced over a period of hours to days. These
findings map well onto the pendant drop tensiometry results showing greater IFT reduction for PZs
containing larger substituents on the ammonium cations, and further corroborate the concept of PZ
interfacial tunability. Droplets prepared with the n-butyl derivative 10d, which by pendant drop
tensiometry showed the lowest IFT, were additionally characterized by confocal fluorescence
microscopy using TCB solutions of Nile red to aid visualization. As shown in Figure 68, water-inoil-in-water (w/o/w) emulsions appear to form from this process, with smaller water droplets (dark
regions, no dye) embedded within the larger, fluorescent TCB droplets suspended in a continuous
aqueous medium.

Figure 68. Left: Optical micrograph of w/o/w emulsions stabilized by polymer 10d. Middle:
Confocal fluorescence micrograph of w/o/w droplet stabilized by polymer 10d. Right: Confocal
fluorescence micrograph of w/o/w droplet stabilized by n-butyl SPS polymer.
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Imaging of the emulsion phase by optical microscopy (Figure 68, left) revealed the presence of the
smaller water droplets within the larger oil droplets. Evidently, the inherent amphiphilic nature and
high interfacial activity of these PZs facilitates the formation of complex emulsions by simple
vortex mixing, as opposed to multistep and/or microfluidic techniques.[78–80] In addition to using a
single polymeric surfactant to stabilize these types of droplets, our system employs homopolymers,
rather than block or other architectural variations, thus offering a simplified synthetic
approach.[78,81–84] The oil droplets containing smaller water droplets ranged primarily from ~10 to
~50 µm diameter, while smaller droplets were also observed. Moreover, emulsions prepared in a
similar manner with the tri-n-butyl phosphonium sulfonate polymer also facilitated w/o/w droplet
formation, as seen by confocal fluorescence microscopy imaging. In accord with the IFT data, the
seemingly greater interfacial activity of the SPS PZs is reflected by the smaller interior water
droplets (~1 micron) relative to those in the ammonium-based SAS system (~2 microns); moreover,
even upon prolonged storage (weeks to months), microscopy evaluation revealed the complex
emulsions to persist.
F. Summary
In summary, we described the facile synthesis of several novel zwitterionic ammonium sulfonate
monomers by nucleophilic ring-opening of a versatile sultone precursor and examined their
polymerization chemistry by controlled free radical methods. The polymers obtained showed
uniquely tunable solution structure and interfacial properties for polymer zwitterions and relative
to their phosphonium-based counterparts, revealing the impact of the substituents on the cationic
moiety and of the cationic center itself. Our studies showed that single polymer chain solution
structures of the various pSAS derivatives, as well as the multi-chain aggregates, grow in
hydrodynamic radius as the size of the cationic substituents increases. Moreover, their ability to
reduce fluid-fluid interfacial tension increases with the size and hydrophobicity of the cation
substituents, with the phosphonium sulfonate polymers displaying greater interfacial activity than
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their ammonium counterparts, likely due to greater polarizability of the phosphonium cations that
weakens their interactions with surrounding water molecules.
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CHAPTER IV
SULFONIUM SULFONATE POLYMER ZWITTERIONS
A. Background
Greater expansion of PZs into new areas of application that benefit from their unique properties
requires the diversification of the library of available polymer chemistry and architectures. Thus,
recent work, such as the research described within this dissertation, has additionally centered on
the design of novel PZ structures.[32,85] As mentioned in Chapter I, the covalently bound ions of PZs
may be arranged in a variety of ways, which allows significant flexibility for new material designs.
As such, the inner salt may be part of each monomer repeat unit, attached pendant to the polymer
backbone,[86–91] or alternate as components of the backbone itself.[39,40] When considering
architectures in which pendant zwitterionic moieties are fixed orthogonally to the backbone
direction, the zwitterionic dipole can be oriented either towards the backbone, when the anions are
located distal to it, or away from the backbone, when they are proximal to it (relative to the cationic
component).[27,32] In most PZ examples, the zwitterions are positioned pendant to the backbone,
with the anion attached distally and the cation proximally to the backbone, resulting in the
molecular dipole pointing away from the main chain. Besides dipole orientation, other tunable
variables in PZ design include the selection of backbone composition, substituents on the ionic
moieties, and the identities of the charge-carrying atoms.[25,26,28,30,36] Significant advances in cation
variability have been achieved recently, for example in the cases of zwitterionic monomers and
polymers containing phosphonium (see Chapter II) or sulfonium cations.[25,26] The following
sections of this chapter highlight additional versatility of 4-vinylbenzyl sultone as a PZ precursor
by synthesizing a zwitterionic sulfonium sulfonate monomer and polymer. Furthermore, key
properties, including solubility, stability, and interfacial activity of these sulfonium sulfonates, as
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well as comparisons to the known sulfothetin monomer and polymer that represent analogous
sulfonium sulfonate derivatives with an inverted dipole directionality, are investigated in detail.

Figure 69. Chemical structures of sulfonium sulfonate polymers with inverted dipole direction:
the novel PZ poly(SSS) (12) and poly(STS) (3).

B. Synthesis of Styrenic Sulfonium Sulfonate Monomers
4-Vinylbenzyl sultone has proven to be a versatile precursor in the synthesis of zwitterionic
monomers and polymers, as shown in the work of the previous chapters encompassing the
development of phosphonium and ammonium sulfonate polymer zwitterions (Chapters II and
III).[26,30] To further highlight its capacity as a versatile platform for expanding the known library
of polymer zwitterions beyond ammonium-based structures, here we describe the synthesis of
styrenic sulfonium sulfonate PZs. In this work, we initially attempted to prepare sulfonium
sulfonates by heating solutions of sultone 6 in the presence of symmetric dialkyl sulfides, such as
diethyl and dipropyl sulfide, which did not cleanly yield the desired zwitterionic monomers and
instead produced mixtures that were difficult to isolate and characterize. However, successful ringopening of 6, achieved by heating its solution in acetonitrile at 75 °C in the presence of n-butyl
methyl sulfide and butylated hydroxytoluene (BHT, inhibitor), is attributed to the reduced steric
influence of the methyl group, which does not hinder the nucleophilic attack at the sultone ring.
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These reaction conditions yielded the expected zwitterionic monomer 13, as shown by 1H NMR
spectroscopy (Figure 71) and ESI mass spectrometry (m/z=365.12). The protons of the aromatic
ring appear as doublets, one at 7.29 and another at 7.44 ppm, respectively, while the three vinyl
proton signals are found at 6.74, 5.78 and 5.24 ppm.

Figure 70. Synthesis of SSS monomer 13 starting from the 4-vinylbenzyl sultone precursor 6.
The SSS monomer is a diastereomer, due to the presence of two chiral centers - the methine carbon
adjacent to the sulfonate group and the sulfonium cation – which results in complex splitting of the
alkyl proton signals. For instance, the signal corresponding to the methyl protons of the sulfonium
cation’s n-butyl substituent appear as two distinct singlets of equivalent relative intensity at 2.82
and 2.69 ppm, respectively. The resonances that exhibit splitting due to the molecular chirality
display an even distribution of intensities, indicating an absence of any stereoselectivity associated
with ring-opening of sultone 6.

Figure 71. 1H (left) and 13C NMR (right) spectra of sulfonium sulfonate monomer 13, recorded in
MeOD.
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Figure 72. HMQC NMR spectrum of monomer 13, recorded in D2O.

Figure 73. ESI mass spectrum of monomer 13.

These results reinforce our previous studies of the ring-opening of 4-vinylbenzyl sultone with
amine and phosphine nucleophiles.[26,30] The notably lower yield observed when using dialkyl
sulfide nucleophiles for ring-opening of 6, relative to tertiary amines and phosphines, is attributed
to their generally weaker nucleophilicity.[92,93]
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C. Stability of Sulfonium Sulfonate Monomers Against Nucleophiles
Significant differences between the SSS and STS zwitterionic structures were observed with
respect to their stability in the presence of nucleophiles. While STS undergoes slow dealkylation
(over a period of days) in the presence of weak nucleophiles, such as halide anions, the SSS
monomer appears to be significantly more stable, reacting very slowly in the presence of strong
nucleophiles, such as azide anions. Dealkylation and substitution experiments were conducted on
the zwitterionic monomers rather than the polymers to simplify product characterization.
Specifically, SSS and STS monomer solutions (23 mM concentration) with 20 equivalents of
sodium azide were prepared in NMR tubes in deuterated DMSO. The solutions were left unagitated
in the dark for 7 days and 1H NMR spectra were recorded at different time intervals to evaluate the
extent of reaction. Nucleophilic attack at any of the three carbon atoms adjacent to the sulfonium
cation in 13, would yield products A-C in Figure 74.

Figure 74. Reaction of monomer 13 with NaN3, and possible reaction products A-C.

1

H NMR spectra recorded over time for the SSS monomer primarily showed signals for the starting

monomer, as well as growing resonances suggestive of products A-C. The formation of at least two
dealkylation products is evident from the appearance of new styrenic proton signals (7.0-7.5 ppm)
that increase in intensity over time (Figure 75, left inset). Additionally, the increasing intensity of
a singlet at 2.89 ppm, immediately upfield of the methylene signals of 13 (Figure 75, right inset),
is attributed to methyl azide, suggestive of the formation of product pair A. The integral of this
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singlet was used to calculate the degree of demethylation by comparison with the starting monomer
signals. For SSS 13, less than 1% of the monomer was dealkylated after 2 hours, as evidenced by
comparison of styrenic proton signal integrals between 7.05 and 7.16 ppm.

Figure 75. Superposition of 1H NMR spectra recorded at different time intervals on solutions of
monomer 13 with sodium azide in DMSO-d6.

Since 1H NMR spectroscopy cannot provide definitive evidence of whether all three pairs of
degradation products are formed, ESI mass spectrometry was conducted, which confirmed the
presence of products A-C in Figure 74 (see Figure 76). After 7 days, the 1H NMR spectra of the
SSS monomer 13 indicated approximately 25% conversion to products A-C, most prominently the
demethylation products A.

Figure 76. ESI mass spectrum of solution of monomer 13 with sodium azide after 7 days, and list
of the masses for the styrenic products A-C.
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In contrast, the STS monomer underwent quantitative debenzylation under the same conditions
after only 1.5 hours (see Figure 77). Its significantly better stability against nucleophiles, relative
to STS, can be rationalized by considering the molecular structure surrounding the sulfonium
cations. The SSS sulfonium ion is connected to aliphatic groups, while the STS sulfonium ion is
attached to the styrenic moiety in benzylic position, which is more susceptible to nucleophilic attack
due to its proximity to the aromatic ring. The greater stability of sulfonium sulfonate monomer 13,
combined with its solubility in a larger range of liquids, is likely to be beneficial for utilizing
sulfonium sulfonate zwitterionic polymers in applications where nucleophilic components are
present.

Figure 77. Reaction of STS monomer with NaN3 (left), and 1H NMR spectrum of the solution of
STS and sodium azide in deuterated DMSO after 7 days (right).

D. Polymerization of Sulfonium Sulfonate Monomers
Monomer 13 was polymerized with a target DP of 20 via RAFT polymerization in methanol at a
monomer concentration of 1.3 M and a CTA-to-initiator ratio of 3:1, with a heating block set to
70 °C. This controlled free radical polymerization proved efficient and high yielding, affording
high monomer conversion (~96%). The polymer was collected as light-yellow solid in high yield
(>90%) after purification via dialysis against methanol, then water.
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Figure 78. Synthetic scheme for the RAFT polymerization of monomer 13.

Polymer characterization by 1H NMR spectroscopy showed characteristic broadening of the
resonances, with chemical shifts of the pendent zwitterions mirroring those of the monomer. As
shown in the GPC trace in Figure 79, RAFT conditions afforded a monomodal molecular weight
distribution, with Đ values below 1.1, indicative of a well-controlled polymerization mechanism.

Figure 79. GPC trace (left, TFE as eluent) and 1H NMR spectrum (in MeOD, right) of polymer
12.

The STS monomer was polymerized in the same fashion with a target DP of 20, except the CTAto-initiator ratio was adjusted to 10:1, according to procedures previously established in our
group.[25] Dialysis against 0.5M aqueous NaNO3 solution, then water, followed by lyophilization,
yielded the polymer as yellow solid (81% yield). The 1H NMR spectrum and GPC trace are depicted
in Figure 80.
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Figure 80. GPC trace (left, TFE as eluent) and 1H NMR spectrum (in MeOD, right) of the STS
polymer.

E. Thermal Stability and Solution Properties of Sulfonium Sulfonate Polymers
Interestingly, the SSS polymer zwitterions are readily soluble in pure water at room temperature
(>20 mg/mL concentration), whereas the STS polymers require the addition of salt for aqueous
dissolution. When analyzing aqueous solutions at 1 mg/mL concentration by DLS, two size
distributions are apparent: one around 4 nm, the other around 180 nm (see Figure 81). While the
former likely represents molecularly dissolved polymer chains, the latter may be attributable to
multi-chain aggregates.

Figure 81. Intensity (left) and volume (right) distribution data obtained from DLS measurements
on aqueous solutions of polymer 12 at 1 mg/mL concentration.
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From the chemical structures, the differences in aqueous solubility may seem counterintuitive,
since the SSS structure contains a larger proportion of aliphatic content relative to STS. As
illustrated in Figure 85, we speculate that the greater aqueous solubility of the SSS polymers is due
to the steric influence of the sulfonium cation’s n-butyl substituent that hinders inter-zwitterion
interactions and close association of the molecular dipoles and polymer chains. For STS monomers
and polymers, the addition of salt appears to screen these dipole interactions, thus facilitating
solubilization. Additionally, the SSS monomer and polymer readily dissolve in organic solvents,
such as methanol and DMSO, at room temperature and concentrations exceeding 100 mg/mL
(monomer). The STS monomer displays lower solubility in methanol (requiring heating at ~5
mg/mL) and DMSO requiring vortexing and heating at ~7 mg/mL for extended periods of time,
while the STS polymer is insoluble in both solvents.
Interestingly, while the pendent zwitterions of the SSS structure are more stable towards
nucleophiles, the thermal stability of polymer 12 (examined by TGA) is lower than that of pSTS 3.
A degradation onset temperature of ~120 °C was observed for polymer 12, while that of the STS
polymer was found to be ~165 °C (see Figure 82).

Figure 82. TGA curves for pSSS (12, red) and pSTS (3, black).
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The first thermal degradation step of pSSS 13 likely corresponds to the loss of n-butyl methyl
sulfide from the pendent groups, since it accounts for approximately 30% of the overall mass, in
accord with the weight loss observed by TGA. Thermal stability up to ~120 °C makes polymer 13
usable in systems well above temperatures experienced in many solution applications and
considering its stability towards nucleophiles, it appears to be a robust polymer that is stable in a
relatively big range of synthetic conditions.
The interfacial activity of the new sulfonium sulfonate polymer 13 was examined because the
chemical structure contains both hydrophobic (styrenic backbone) and hydrophilic (zwitterion)
components, which is a characteristic that is common in surfactants. A comparative study with the
STS polymer 3 was conducted, since it is comprised of similar structural elements and has proven
to be a unique surfactant that enables the fabrication of adhesive emulsions. The interfacial tension
(IFT) for TCB in polymer solutions at 0.5 mg/mL in NaNO3 (aq, 0.2 M) for pSTS 3 and pSSS 13,
and pure water for pSSS, was examined by pendant drop tensiometry. Both polymers reduced the
IFT of TCB in aqueous media significantly (see Figure 83). The difference in the final quasiequilibrium IFT values between the two polymers in NaNO3 solution is negligible, with values
determined to be 10.1 mN/m for pSSS and 8.5 mN/m for pSTS (~42 mN/m for TCB in pure water).

Figure 83. Interfacial tension data collected for TCB in aqueous solutions of polymer 13 and 3,
with and without salt.
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Additionally, there was no significant difference between the recorded IFT values in pure water
and salt solution for the SSS polymer with a value of ~11.6 mN/m in pure water (see Figure 83).
Therefore, while both sulfonium sulfonate polymers are highly interfacially active, the SSS
polymer operates capably in pure water, with no additional salt required for polymer dissolution,
and produces dispersed emulsion droplets that exhibit none of the adhesive properties seen in pSTSstabilized droplets (see Figure 84).

Figure 84. Left: Confocal fluorescence microscopy images of TCB-in-water emulsions prepared
with pSSS surfactant 13. Right: Photographs of inverted vials containing oil-in-water emulsions
prepared with pSSS (left vial) and pSTS (right vial).

Emulsions from TCB and aqueous polymer solutions were prepared using both pSSS and pSTS to
qualitatively assess their surfactant properties. Equal amounts of an aqueous polymer solution at
10 mg/mL concentration and TCB with nile red (2 μg/mL) were combined and vortexed in a 7 mL
vial. Pure water was used as solvent for the pSSS surfactant (13), while the pSTS surfactant (3)
solution was prepared with an aqueous solution of NaNO3 (50 mM salt concentration). In both
cases, stable oil-in-water emulsions that settled to the bottom of the vial were obtained. The
emulsion droplets made with the pSSS surfactant were examined with a confocal fluorescence
microscope (see micrographs in Figure 84), showing polydisperse droplets diameter from 1 to 100
μm, with most droplets in the 10-50 μm range. The aqueous supernatant was carefully removed
with a graduated syringe and the oil fraction of the emulsion phase was determined to be 78%. For
comparison,

more

conventional

polymer

zwitterions
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like

poly(2-methacryloyloxyethyl

phosphorylcholine) (pMPC) do not posess these amphiphilic properties and in turn cannot stabilize
emulsions by themselves.
As shown in previous work, the TCB in water emulsions obtained with the pSTS surfactant 2 are
comprised of adhesive droplets, forming “sticky emulsions”.[94] While the sulfonium sulfonate of
pSSS 13 and pSTS 3 have similar zwitterionic structure, the TCB-in-water emulsions obtained
from pSSS do not exhibit adhesive properties, as shown in Figure 84. Inverting the vials caused
the pSSS-stabilized emulsions to flow and sediment, while the adhesive pSTS emulsions stuck to
the top of the vial. We expect that sufficiently strong inter-zwitterion interactions of pSTS that
result in these adhesive properties are absent in the pSSS emulsions. As illustrated in Figure 85
and described for the differences between the two polymers regarding water solubility, the
introduction of the n-butyl substituent on the sulfonium cation and its larger steric bulk may be the
cause for weaker inter-zwitterion interactions by hindering proximity and strong association of ion
pairs between repeat units and polymer chains.

Figure 85. Schematic illustration depicting potential differences in inter-zwitterion interactions
between pSTS 3 and pSSS 13.
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F. Summary
In summary, this chapter described the synthesis of a novel sulfonium sulfonate monomer and
polymer, that reinforces the versatility of 4-vinylbenzyl sultone as precursor towards PZs with
different cations. Furthermore, we elucidate the differences in solution behavior, monomer and
polymer stability, as well as interfacial activity between the new sulfonium sulfonate structures and
STS polymers that are closely related structurally, but with inverted dipole directionality.
Specifically, the significantly increased stability of the newly synthesized monomers and polymers
towards nucleophiles, in addition to their solubility in a wider range of common solvents compared
to STS monomers and polymers, augments their versatility for use as charge-neutral surfactants.
Future studies may include a detailed elucidation of the effect of dipole moment directionality on
the strength of inter-zwitterion interactions by probing their solution structure, such as
hydrodynamic radii in the presence of different salts via dynamic and static light scattering.
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CHAPTER V
FUTURE DIRECTIONS AND PRELIMINARY RESULTS
A. Solar Cell Devices
The invention of phosphonium-based PZs, with their unique solution properties, facilitates their
exploration in applications not traditionally considered for PZs, such as interlayers in perovskite
solar cells. Currently, the efficiency of perovskite solar cells is limited by defects in the perovskite
layer, especially surface defects (i.e., dangling bonds due to undercoordinated halide and cation
species), and inefficient charge-transfer across grain boundaries. Such defects and grain boundaries
are likely nucleation sites for perovskite layer degradation.[95,96] Conventional PZs, like pMPC, are
insoluble in the organic solvents used in perovskite processing, such as chloroform or mesitylene.
Highly polar solvents such as methanol and water dissolve perovskites, thus pMPC and other
hydrophilic polymers are unsuitable for incorporation into perovskite solar cell fabrication
methods. Novel hydrophobic PZ derivatives, i.e., the triphenyl and tri-n-octyl SPS (4b and c) or
tri-n-octyl SAS (10e) polymers, with solubility in chloroform, may be ideal candidates for
incorporation into perovskite devices.
Figure 86 depicts two potential routes to incorporate hydrophobic PZ incorporation into these
devices for the purpose of reducing the effects of surface defects in CH3NH3PbI3 perovskite
devices. In one scenario, a thin film (1-10 nm) of PZ may be deposited on top of the perovskite
layer. The dangling bonds of the surface defects, which are accumulation sites for charges, are
expected to interact with the polyzwitterion like Lewis acids and bases; undercoordinated iodide
anions (Lewis base) may coordinate to PZ cations (Lewis acid), while undercoordinated lead
cations on the perovskite surface may interact with PZ sulfonate anions. Additionally, the
hydrophobic PZ films can potentially passivate the perovskite surface as water-repellants, thus
inhibiting perovskite degradation.
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Secondly, the PZs may be used as additives in the perovskite precursor solution, which may impact
perovskite crystallization and the resultant morphology of the active layer. Both high crystallinity
and homogeneous morphologies are important for achieving high solar cell device efficiencies.

Figure 86. Schematic illustration of PZ incorporation into perovskite solar cells. Top – as
passivating layers; bottom – as components of the perovskite precursor solutions.

B. Novel PZs as Antifouling Coatings
The impressive non-fouling properties of PZs, discussed in Chapter I, are attributed to their extreme
hydrophilicity. However, this very affinity to water makes it difficult to fabricate simple PZ
coatings on substrates for applications in aqueous environments, due to unwanted dissolution of
the polymer. Covalently attaching PZs to substrates via surface-grafting techniques prevents the
dissolution or detachment of the hydrophilic coating when exposed to water and therefore has
become a critically important feature in surface science.[58,59,71]
Since the hydrophobic PZs (i.e., 4b, c and 10e) described in this dissertation do not dissolve in
water, they represent potential candidates for antifouling coatings that could potentially be utilized
in simple spin coating or spraying techniques that would greatly simplify the implementation of
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antifouling PZ coatings. Additionally, studying the variously substituted phosphonium and
ammonium PZs of Chapters II and III for their antifouling properties would provide further
valuable insight into previously unknown structure-property relationships.
In preliminary studies, the fouling properties of the triphenyl SPS polymer 4c were probed. A 100
nm thick PZ film was deposited on a silicon wafer from ethyl lactate via spin coating, then
incubated for 2 hours in a solution of fluorescein-labeled bovine serum albumin (FITC-BSA, 0.5
mg/mL) in phosphate buffer (pH= 7.4). After rinsing with water, the fluorescence intensity of the
substrate was analyzed. Control experiments were carried out with polystyrene-coated (positive
control), as well as a clean Si substrate (negative control). The plotted mean fluorescence intensities
are shown in the bar chart in Figure 87.

Figure 87. Bar chart of mean fluorescence intensities of Si substrates after incubation in FITCBSA solution.

The study indicates that there is minimal absorption of BSA to the non-coated and SPS-coated Si
substrates, while the polystyrene-coated substrate shows significant fouling relative to the other
samples. Additional comparisons to other fouling and non-fouling coatings as well as reproduction
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of these findings need to be carried out in future experiments to definitively determine whether the
triphenyl SPS polymer 4c can be utilized to fabricate antifouling coatings.
C. Synthesis of Novel SPS Structures
The understanding of PZ structure-property relationships is an important yet relatively underdeveloped research front, making the development of new PZ designs and their detailed
characterization a valuable area of future studies in the polymer field. The novel phosphoniumbased PZs described in this thesis generate expansive possibilities for new applications. 4Vinylbenzyl sultone may once again be used as a platform from which new structures are accessible
via ring-opening with commercially available functional and non-functional phosphines.

Figure 88. Candidate phosphonium sulfonate structures for the investigation of PZ structureproperty relationships.

The synthesis of a tri-n-hexyl SPS polymer will provide insight into the transition from water
solubility to insolubility for tri-n-butyl and tri-n-octyl SPS derivatives (4a and b), respectively.
Furthermore, comparing the tri-n-butyl to a tri-tert-butyl-substituted SPS derivative will be
informative with respect to the effect of steric bulk on PZ properties. Finally, the preparation of a
tricyclohexyl phosphonium sulfonate and its comparison to the triphenyl derivative 4c will
elucidate the effect of substituent aromaticity, which is expected to be significant, since the
electrons of the aromatic phenyl rings in 4c help stabilize the phosphonium cation, as evidenced by
the chemical shifts in the 31P NMR spectra of the SPS structures (see Chapter II).
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Figure 89. Proposed synthetic scheme for the preparation of SPS polymers utilizing 1,4-butane
sultone in the synthetic strategy.

Additionally, the synthesis of a new precursor molecule from 1,4-butane sultone may be explored
for the synthesis of SPS polymers, in which the distance between the cation and anion is increased
by one methylene group (Figure 89). Since the dipole moment depends on the distance between
charges, there may be a noticeable impact on polymer properties.
Finally, the backbone of the PS polymers could be varied via the synthesis of sultone precursors
with different polymerizable moieties, such as methacrylates, as outlined in Figure 90. Relative to
polystyrene-based structures, it can be expected that methacrylic PS derivatives will display greater
solubility in water, allowing for even greater tunability and range of applications for this new class
of PZs.

Figure 90. Proposed synthetic scheme for the preparation of a methacrylic sultone precursor.
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D. Development of Functional PZs
Functional versions of PZs are envisaged as valuable materials for providing a platform for postpolymerization modification reactions, which may be used to crosslink the polymers or tether
various cargo to the repeating units. A range of commercially available nucleophiles represent
candidates to fabricate functional phosphonium, ammonium or sulfonium sulfonate PZs by ringopening of the 4-vinylbenzyl sultone precursor developed as part of this thesis. Examples of
functional

SPS

polymers

preparable

from

the

commercially

available

tris(2-

carboxyethyl)phosphine or 2-butenyl(di-tert-butyl)phosphine are shown in Figure 91.

Figure 91. Examples of functional SPS polymers (left) and schematic illustration of potential
applications to polymer-cargo conjugates (right).
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CHAPTER VI
CONCLUDING REMARKS
Chapter II described the research associated with the invention of phosphonium-based zwitterionic
monomers and polymers that hinged on the synthesis of a novel substituted sultone molecule that
is amenable to ring-opening with variously substituted phosphines and other nucleophiles, thus
giving access to a range of new phosphonium sulfonate polymer zwitterions. Uncharacteristically
for PZs, the PS PZs displayed solubility in organic solvents and tunable solution properties by
variation of the R-substituents on the phosphines utilized in the synthesis of the monomers. Their
capability to significantly modify the properties of materials that contain conventional PZs, was
demonstrated by the synthesis of PC-b-PS block copolymers that were used to fabricate switchable
solution structures.
The versatility of the sultone precursor for the preparation of new PZ structures was expanded upon
in Chapters III and IV. Novel ammonium sulfonate polymers were synthesized by ring-opening of
the sultone with different commercially available amines. Their facile synthesis from one common
precursor molecule is significantly advantageous relative to previous methods for changing the
cation substituents that required separate precursor syntheses for each derivative. The resultant
novel AS polymers were utilized to elucidate structure-property relationships with respect to
solubility and interfacial activity, while comparisons to the analogous PS polymers provided insight
into the effect of cation identity on polymer properties. Interestingly, both PS and AS polymers
proved to be useful surfactants capable of stabilizing complex w/o/w emulsions without the need
for multi-step or microfluidic emulsification techniques.
In Chapter IV, the sultone precursor was used for the preparation of a sulfonium sulfonate polymer
that was compared to the previously established sulfothetins, as analogous structures with inverted
dipole directionality. The weaker inter-zwitterion interactions of the new SS polymer, relative to
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the ST polymer, are partially attributed to steric hinderance from the SS cation’s n-butyl group.
Interestingly, this results in the greater solubility of the SS polymer in water and organic solvents,
relative to its ST counterpart, as well as significant differences in the adhesive properties of
emulsion droplets prepared with the SS and ST polymer surfactants. Finally, the superior stability
of the SS polymer towards nucleophiles makes them applicable in a broader range of potential
synthetic applications.
In conclusion, this dissertation represents an important expansion over-and-above previously
known polymer zwitterions via the invention and development of phosphonium-based PZs as a
new class of zwitterionic polymers, as well as analogous ammonium and sulfonium sulfonate
structures. Detailed characterization of these novel PZs provided unprecedented insight into the
effects of cation identity and substituent variation on the fundamental bulk, solution, and interfacial
properties of polymer zwitterions. As such, two of the biggest current problems in the field of
zwitterionic materials, i.e., a lack of structural diversity, specifically with respect to the cationic
moieties, and secondly, a lack of structure-property relationship knowledge, were addressed within
the contents of this work.
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CHAPTER VII
EXPERIMENTAL SECTION
A. General Methods
Air and moisture sensitive reaction steps were conducted under nitrogen (gas) atmosphere using
conventional Schlenk techniques. Estimation of polymer molecular weights and polydisperisty
indices (Mn, Mw and PDI) was performed using gel permeation chromatography (GPC) against
PMMA calibration standards, on an Agilent 1200 series system equipped with a degasser, refractive
index detector, PFG guard column (8 x 50 mm) and PFG analytical linear M columns (8 x 300 mm,
particle size 7 mm) from Polymer Standards Service, and an isocratic pump. The eluent was 2,2,2trifluoroethanol (TFE) containing 0.02 M sodium trifluoroacetate and the system was operated at a
flow rate of 1 mL/min and at 40 °C. 1H, 31P and 13C NMR solution spectra were obtained on a
Bruker 500 MHz Spectrometer and referenced to the residual solvent signals where available. Mass
spectra were obtained with a Bruker microTOFII mass spectrometer. Water contact angle
measurements were carried out using the VCA Optima by AST Products, equipped with a glass
syringe. UV-Vis spectra were obtained with a UV-2600 UV-VIS Spectrophotometer by Shimadzu.
Interfacial tension values were obtained by pendant drop tensiometry, which was conducted with a
Data Physics OCA-15plus tensiometer in pendant drop mode. Thermogravimetric analysis (TGA)
was conducted under nitrogen atmosphere with a TA Instruments Q50 using a platinum pan, with
a heating rate of 10 °C/min from 25°C to 700 °C.
B. Materials
Tri-n-octyl phosphine, tri-n-butyl phosphine, triphenylphosphine, tri-n-propylamine (98%), tri-nbutylamine, pyridine (anhydrous, 99.8%), 4’-azobis(4-cyanovaleric acid) (98%, ACVA), 4vinylbenzyl chloride (90%, 500 ppm added t-butylcatechol), 1,2,4-trichlorobenzene (anhydrous,
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≥99%) (TCB), n-BuLi (2.5 M in hexanes), and 1,3-propane sultone (98%), sodium thiomethoxide
(95%), n-butyl methyl sulfide and acetonitrile (anhydrous, 99.8%) were purchased from Sigma
Aldrich. Tri-n-octylamine (98%), sodium iodide (99+%), 2,2,2-trifluoroethanol (TFE, 99+%), and
butylated hydroxytoluene (BHT, 99%) were obtained from Alfa Aesar. Acetone, triethylamine,
water (HPLC grade), diethyl ether (anhydrous), sodium sulfate, ethyl acetate, tetrahydrofuran,
toluene, chloroform, methanol, hexanes, Microscope Cover Glass slides and Spectra/Por7 dialysis
membranes (3.5 kDa MWCO, pretreated regenerated cellulose tubing) were purchased from Fisher
Scientific. Deuterated solvents for solution NMR analysis were aquired from Cambridge Isotope
Laboratories, Inc (chloroform, dimethylsulfoxide and methanol) and Acros Organics (water).
Trimethylamine (pure, 4.2M (33wt.%) solution in ethanol) was also purchased from Acros
Organics. Silica Gel (porosity: 60 Å, particle size: 40-75 μm (200 x 400 mesh)) and silica gel TLC
plates (glass backed, thickness: 250 um, UV254 active) were purchased from Sorbtech Sorbent
Technologies. Tetrahydrofuran and toluene were dried over Na(s) and freshly distilled before use.
Reaction mixtures in methanol and TFE were degassed using three freeze-pump-thaw cycles prior
to radical polymerization. Milli Q® ultrapure water (18.2 MΩcm) was used for interfacial tension
measurements with blunt tip needles (outer diameter = 0.8192 mm) purchased from Brostown
Technology, and blunt tip needles (outer diameter = 0.515 mm) purchased from Hamilton.
Hermetic aluminum DSC pans were purchased from TA instruments. Frozen HEK293 and
MDAMB231 cells were purchased from ATCC. Cells were placed in Corning Falcon® 75 cm2
tissue culture flasks and grown in Corning™ DMEM with L-glutamine, 4.5 g/L glucose and sodium
pyruvate supplemented with Fisherbrand™ research grade fetal bovine serum and Gibco™
penicillin streptomycin (10,000 U/mL). Cells were grown in a VWR 2310 incubator at 37 °C and
5% CO2. Gibco™ trypsin-EDTA (0.25%) with phenol red was used to separate cells from tissue
culture flasks. Detached cells were consolidated using an Eppendorf 5804R centrifuge. Cell
densities were quantified using a Cellometer Mini purchased from Nexcelom Bioscience using
ThermoFisher trypan blue solution (0.4%). Cells were placed on NEST sterile flat bottomed, cell
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culture treated, 96 well plates purchased from Chemglass Life Sciences. Viabilities were quantified
using the Promega CellTiter-Glo™ Luminescent Cell Viability Assay Kit and luminescence values
read using a BMG Labtech POLARstar OPTIMA plate reader. Polymer solutions dissolved in
growth medium were sterile filtered using a Millex-GP 0.22 µm syringe filter manufactured by
Merck Millipore Ltd.
C. Synthesis and Characterization Techniques
4-Vinylbenzyl iodide (5)

4-Vinylbenzyl iodide was synthesized by modifying the procedure of Li et al.[69] Sodium iodide
(44.96 g, 300 mmol) was dissolved in 160 mL of acetone, after which 4-vinylbenzyl chloride was
added under nitrogen atmosphere. The reaction vessel was shielded from light and the mixture was
stirred at room temperature for 18 h. The suspension was diluted with 60 mL of diethyl ether, then
washed twice with 200 mL of deionized water and once with 200 mL of brine. The organic phase
was dried over Na2SO4, and a clear orange oil was obtained after removal of solvents under reduced
pressure (90% yield). 1H-NMR (500 MHz, CDCl3, δ): 7.34 ppm (s, 4H), 6.69 ppm (dd, J = 17.5,
11.0 Hz, 1H), 5.76 ppm (d, J = 17.5 Hz, 1H), 5.27 ppm (d, J = 11.0 Hz, 1H), 4.47 ppm (s, 2H) 13CNMR (500 MHz, CDCl3, δ): 138.9 ppm, 137.4 ppm, 136.4 ppm, 129.1 ppm, 126.8 ppm, 114.5
ppm, 5.9 ppm.

81

4-Vinylbenzyl sultone (6)

1,3-Propane sultone (2.5 g, 20.5 mmol) was dissolved in 180 mL dry THF and the solution was
cooled to -78 °C using an acetone/dry ice bath. After slow addition of n-BuLi (2.5M in hexanes,
9.0 mL, 22.5 mmol), the reaction mixture was stirred at -78 °C for 1.5 h. 4-Vinylbenzyl iodide (5.0
g, 20.5 mmol) was added and the solution was stirred at -78 °C for a further 5.5 h, then quenched
with 100 mL of deionized water. The crude product was extracted with toluene (3x 160 mL), dried
over Na2SO4 and purified via column chromatography on silica gel eluting with hexanes/ethyl
acetate mixtures (gradient from 6:1 to 3:1 by volume) to afford the product as white solid (76%
yield). 1H-NMR (500 MHz, CDCl3, δ): 7.38 ppm (d, J = 8.5 Hz, 2H), 7.19 ppm (d, J = 8.0 Hz, 2H),
6.69 ppm (dd, J = 17.5, 11.0 Hz, 1H), 5.74 ppm (d, J = 17.0 Hz, 1H), 5.26 ppm (d, J = 11.0 Hz,
1H), 4.43 ppm (td, J = 9.0, 3.5 Hz, 1H), 4.33 ppm (td, J = 8.5, 7.5 Hz, 1H), 3.50 ppm (m, 1H), 3.38
ppm (dd, J = 14.0, 5.5 Hz, 1H), 2.87 ppm (dd, J = 14.0, 10.0 Hz, 1H), 2.49 ppm (m, 1H), 2.35 ppm
(m, 1H), 13C-NMR (500 MHz, CDCl3, δ): 137.0 ppm, 136.3 ppm, 135.6 ppm, 129.1 ppm, 126.9
ppm, 114.4 ppm, 67.0 ppm, 56.6 ppm, 34.4 ppm, 29.3 ppm, ESI (m/z): 261.06 (C12H14O3SNa,
calculated: 261.06)
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4-(Tributylphosphonio)-1-(4-vinylphenyl)butane-2-sulfonate (7a)

4-Vinylbenzyl sultone (3.60 g, 15.1 mmol) and BHT (650 mg, 2.90 mmol) were dissolved in dry
toluene (36 mL) under nitrogen atmosphere. The solution was degassed by performing three freezepump-thaw cycles, followed by addition of tri-n-butyl phosphine (15.3 g, 75.5 mmol) via syringe
and then heated at 90 °C for 7 days. The crude precipitate was washed three times each with 35 mL
toluene and 35 mL diethyl ether, then dried under vacuum to afford the product as white powder,
the liquid tri-n-butylphosphine was added after degassing of the solution (91% yield). 1H-NMR
(500 MHz, MeOD, δ): 7.41 ppm (d, J = 8.0 Hz, 2H), 7.28 ppm (d, J = 8.5 Hz, 2H), 6.71 ppm (dd,
J = 17.5 Hz, 11.0 Hz, 1H), 5.75 ppm (d, J = 17.0 Hz, 1H), 5.21 ppm (d, J = 11.5 Hz, 1H), 3.48 ppm
(m, 1H), 3.08 ppm (m, 1H), 2.71 ppm (m, 1H), 2.56 ppm (m, 1H), 2.22 ppm (m, 1H), 2.06 ppm
(m, 6H), 1.81 ppm (m, 2H), 1.41 ppm (m, 12H), 0.93 ppm (m, 9H)

13

C-NMR (500 MHz, MeOD,

δ): 139.6 ppm, 137.7 ppm, 137.6 ppm, 130.5 ppm, 127.7 ppm, 113.9 ppm, 62.2 ppm, 36.5 ppm,
24.9 ppm, 24.2 ppm, 21.7 ppm, 18.8 ppm (d), 17.0 ppm (d), 13.6 ppm 31P-NMR (500 MHz, MeOD,
δ): 34.00 ppm, ESI (m/z): 463.24 (C24H41O3SNa, calculated: 463.24)
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4-(Trioctylphosphonio)-1-(4-vinylphenyl)butane-2-sulfonate (7b)

The synthesis was carried out according to the procedure above, using tri-n-octylphosphine as the
nucleophile (96% yield). 1H-NMR (500 MHz, CDCl3, δ): 7.32 ppm (d, J = 7.5 Hz, 2H), 7.24 ppm
(d, J = 8.0 Hz, 2H), 6.65 ppm (dd, J = 17.5 Hz, 11.0 Hz, 1H), 5.69 ppm (d, J = 18.0 Hz, 1H), 5.19
ppm (d, J = 11.0 Hz, 1H), 3.61 ppm (m, 1H), 3.13 ppm (m, 1H), 2.84 ppm (m, 2H), 2.55 ppm (m,
1H), 2.00 ppm (m, 6H), 1.82 ppm (m, 2H), 1.30 ppm (m, 36H), 0.86 ppm (t, 9H), 13C-NMR (500
MHz, CDCl3, δ): 139.4 ppm, 136.5 ppm, 135.8 ppm, 129.5 ppm, 126.6 ppm, 113.4 ppm, 60.3 ppm,
35.9 ppm, 31.8 ppm, 30.9 ppm, 29.0 ppm, 22.7 ppm, 21.7 ppm, 21.1 ppm, 18.9 ppm (d), 16.6 ppm
(d), 14.2 ppm

P-NMR (500 MHz, CDCl3, δ): 33.74 ppm, ESI (m/z): 631.43 (C36H65O3SNa,

31

calculated: 631.43)
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4-(Triphenylphosphonio)-1-(4-vinylphenyl)butane-2-sulfonate (7c)

4-Vinylbenzyl sultone (3.50 g, 14.7 mmol), triphenylphosphine (16.4 g, 62.3 mmol) and BHT (650
mg, 2.90 mmol) were dissolved in dry toluene (36 mL) under nitrogen atmosphere. The solution
was degassed by performing three freeze-pump-thaw cycles and then heated at 90 °C for 7 days.
The crude precipitate was washed three times each with 35 mL toluene and 35 mL diethyl ether,
then dried under vacuum to afford the product as white powder (97% yield). 1H-NMR (500 MHz,
MeOD, δ): 7.83 ppm (m, 3H), 6.66 ppm (m, 12H), 7.27 ppm (d, J = 8.0 Hz, 2H), 7.07 ppm (d, J =
8.5 Hz, 2H), 6.71 ppm (dd, J = 17.5 Hz, 11.0 Hz, 1H), 5.76 ppm (d, J = 17.5 Hz, 1H), 5.25 ppm (d,
J = 11.0 Hz, 1H), 3.73 ppm (m, 1H), 3.43 ppm (dd, J = 14.0, 3.5 Hz, 1H), 3.33 ppm (m, 1H), 3.13
ppm (m, 1H), 2.63 ppm (dd, J = 14.0, 12.0 Hz, 1H), 1.88 ppm (m, 2H),

13

C-NMR (500 MHz,

MeOD, δ): 139.3 ppm, 137.8 ppm, 137.4 ppm, 136.2 ppm, 134.7 ppm, 131.5 ppm, 130.4 ppm,
127.6 ppm, 119.5 ppm (d), 113.9 ppm, 62.3 ppm, 36.7 ppm, 23.1 ppm, 21.0 ppm, 31P-NMR (500
MHz, MeOD, δ): 24.09 ppm, ESI (m/z): 523.15 (C30H29O3SNa, calculated: 523.15)
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SPS polymers (9a-c)

20, 40 and 60 equivalents of SPS monomer (7a-c) respectively, 1 equivalent (8.1 mg, 0.02 mmol)
of 4-cyano-4-(dodecylsulfanylthiocarbonyl)sulfanyl pentanoic acid (CTA) and 0.33 equivalents
(1.87 mg, 0.0067 mmol) of 4’-azobis(4-cyanovaleric acid) (ACVA) were dissolved in 0.25 mL
methanol. The solutions were degassed via three freeze-pump-thaw cycles, then heated at 70 °C
heating block temperature for 18 h. The crude products were dialyzed against methanol, then water
and collected as light-yellow powder after lyophilization (~70-90% yield).
Synthesis of random SPS copolymers

Random copolymers of the tri-n-butyl and triphenyl SPS monomers (1:1 ratio, target total DP= 60)
were synthesized according to the RAFT polymerization procedure described above, affording the
polymers as fluffy light-yellow solids in 77% yield.
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Synthesis of MPC macro-CTA

60 equivalents (3.00 g, 10.2 mmol) of 2-Methacryloyloxyethyl phosphorylcholine, 1 equivalent
(68 mg, 0.17 mmol) of CTA and 0.1 equivalents (4.7 mg, 0.017 mmol) of ACVA were dissolved
in a mixture of TFE (5 mL) and methanol (0.5 mL). The solution was degassed by bubbling N2
through it under ice bath cooling for 25 minutes. The reaction mixture was heated at 70 °C for
20h, then quenched by exposing to air under liquid N2 cooling. The crude was purified via
dialysis in water, then lyophilized to afford the product as light-yellow solid (3.0 g, 99% yield).
Synthesis of MPC-b-SPS block copolymers (10a-c)

1 equivalent of MPC macro-CTA, 0.33 equivalents of ACVA and 21, 43 and 63 equivalents of
SPS monomer respectively, were dissolved in methanol or TFE at a monomer concentration of
0.4 M. The reaction mixtures were degassed by bubbling N2 through them under ice bath cooling
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for 15 minutes. The reaction mixtures were heated at 70 °C for 18h, then quenched by exposing
to air under liquid N2 cooling (conversions varied between 67% and 85%). The crude products
were purified via dialysis in methanol and then water, then lyophilized to afford the products as
light-yellow solids in 75-80 % yields.
4-(Trimethylammonio)-1-(4-vinylphenyl)butane-2-sulfonate (11a)

4-Vinylbenzyl sultone 6 (1.0 g, 4.2 mmol) and BHT (185 mg, 0.8 mmol) were dissolved in dry
toluene (10 mL) under nitrogen (gas) atmosphere. Trimethylamine (4.2M in ethanol, 5.0 mL, 21.0
mmol) was added and the solution was stirred at 80 °C for 20 hours. The crude precipitate was
washed three times each with 30 mL of toluene followed by diethyl ether. The product was
isolated as colorless solid upon drying under reduced pressure (99% yield). 1H-NMR (500 MHz,
MeOD, δ): 7.43 ppm (d, J = 8.0 Hz, 2H), 7.30 ppm (d, J = 8.5 Hz, 2H), 6.73 ppm (dd, J = 17.5,
11.0 Hz, 1H), 5.77 ppm (d, J = 17.5 Hz, 1H), 5.22 ppm (d, J = 11.0 Hz, 1H), 3.71 ppm (m, 1H),
3.50 ppm (m, 1H), 3.32 ppm (m, 1H), 3.03 ppm (m, 1H), 3.02 ppm (s, 9H), 2.72 ppm (m, 1H),
2.07 ppm (m, 2H), 13C-NMR (500 MHz, MeOD, δ): 139.5 ppm, 137.73 ppm, 137.66 ppm, 130.5
ppm, 127.7 ppm, 113.9 ppm, 65.8 ppm, 60.1 ppm, 53.3 ppm, 37.0 ppm, 23.8 ppm, ESI (m/z):
320.13 (C15H23NO3SNa, calculated: 320.13).
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4-(Triethylammonio)-1-(4-vinylphenyl)butane-2-sulfonate (11b)

The synthesis was performed according to the procedure outlined above, heating at 90 °C and using
triethylamine as the nucleophile (96% yield). 1H-NMR (500 MHz, MeOD, δ): 7.45 ppm (d, J = 8.0
Hz, 2H), 7.31 ppm (d, J = 8.0 Hz, 2H), 6.74 ppm (dd, J = 18.0, 11.0 Hz, 1H), 5.78 ppm (d, J = 18.0
Hz, 1H), 5.23 ppm (d, J = 11.0 Hz, 1H), 3.57 ppm (m, 1H), 3.51 ppm (m, 1H), 3.19 ppm (m, 6H),
3.06 ppm (m, 1H), 3.00 ppm (m, 1H), 2.71 ppm (m, 1H), 2.05 ppm (m, 1H), 1.87 ppm (m, 1H),
1.14 ppm (t, 9H)

13

C-NMR (500 MHz, MeOD, δ): 139.5 ppm, 137.74 ppm, 137.68 ppm, 130.6

ppm, 127.7 ppm, 114.0 ppm, 60.0 ppm, 56.3 ppm, 53.6 ppm, 37.2 ppm, 22.2 ppm, 7.4 ppm ESI
(m/z): 362.18 (C18H29NO3SNa, calculated: 362.18).
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4-(Tripropylammonio)-1-(4-vinylphenyl)butane-2-sulfonate (11c)

The synthesis was carried out according to the procedure outlined for 11a, heating at 90 °C and
using tripropylamine as the nucleophile (94% yield). H-NMR (500 MHz, MeOD, δ): 7.45 ppm (d,
J = 8.0 Hz, 2H), 7.30 ppm (d, J = 8.0 Hz, 2H), 6.74 ppm (dd, J = 17.5, 11.0 Hz, 1H), 5.78 ppm (d,
J = 17.5 Hz, 1H), 5.24 ppm (d, J = 11.0 Hz, 1H), 3.61 ppm (m, 1H), 3.50 ppm (m, 1H), 3.01 ppm
(m, 8H), 2.69 ppm (m, 1H), 2.02 ppm (m, 1H), 1.80 ppm (m, 1H), 1.59 ppm (m, 3H), 1.42 ppm
(m, 3H), 0.88 ppm (t, 9H)

13

C-NMR (500 MHz, MeOD, δ): 139.5 ppm, 137.74 ppm, 137.70 ppm,

130.6 ppm, 127.7 ppm, 114.0 ppm, 60.0 ppm, 59.2 ppm, 57.9 ppm, 37.2 ppm, 24.5 ppm, 22.2 ppm,
20.6 ppm, 13.9 ppm ESI (m/z): 404.22 (C21H35NO3SNa, calculated: 404.22).

90

4-(Tributylammonio)-1-(4-vinylphenyl)butane-2-sulfonate (11d)

The synthesis was carried out according to the procedure outlined for 11a, using tributylamine as
the nucleophile (87% yield). 1H-NMR (500 MHz, MeOD, δ): 7.44 ppm (d, J = 8.0 Hz, 2H), 7.30
ppm (d, J = 8.0 Hz, 2H), 6.73 ppm (dd, J = 17.5, 11.0 Hz, 1H), 5.78 ppm (d, J = 17.8 Hz, 1H), 5.23
ppm (d, J = 11.0 Hz, 1H), 3.65 ppm (m, 1H), 3.50 ppm (m, 1H), 3.09 ppm (m, 7H), 2.97 ppm (m,
1H), 2.68 ppm (m, 1H), 2.01 ppm (m, 1H), 1.82 ppm (m, 1H), 1.55 ppm (m, 3H), 1.40 ppm (m,
3H), 1.28 ppm (m, 6H), 0.93 ppm (t, 9H)

C-NMR (500 MHz, MeOD, δ): 139.4 ppm, 137.76

13

ppm, 137.69 ppm, 130.6 ppm, 127.7 ppm, 114.0 ppm, 60.9 ppm, 60.0 ppm, 58.1 ppm, 37.2 ppm,
22.1 ppm, 16.0 ppm, 10.8 ppm ESI (m/z): 446.27 (C24H41NO3SNa, calculated: 446.27).
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4-(Trioctylammonio)-1-(4-vinylphenyl)butane-2-sulfonate (11e)

The synthesis was carried out according to the procedure outlined for 11a, heating at 95 °C for 96
hours using tributylamine as the nucleophile and including an additional washing step with THF
prior to washing with diethyl ether (90% yield). 1H-NMR (500 MHz, MeOD, δ): 7.43 ppm (d, J =
8.0 Hz, 2H), 7.30 ppm (d, J = 8.0 Hz, 2H), 6.72 ppm (dd, J = 17.5, 11.0 Hz, 1H), 5.78 ppm (d, J =
17.5 Hz, 1H), 5.23 ppm (d, J = 11.0 Hz, 1H), 3.63 ppm (m, 1H), 3.49 ppm (m, 1H), 3.08 ppm (m,
7H), 2.98 ppm (m, 1H), 2.68 ppm (m, 1H), 2.00 ppm (m, 1H), 1.82 ppm (m, 1H), 1.55 ppm (m,
3H), 1.42 ppm (m, 3H), 1.28 ppm (m, 30H), 0.92 ppm (t, 9H)

C-NMR (500 MHz, MeOD, δ):

13

139.5 ppm, 137.7 ppm, 137.6 ppm, 130.6 ppm, 127.7 ppm, 114.0 ppm, 59.9 ppm, 59.4 ppm, 57.8
ppm, 37.1 ppm, 32.9 ppm, 30.3 ppm, 30.1 ppm, 27.3 ppm, 23.7 ppm, 22.5 ppm, 22.2 ppm, 14.4
ppm ESI (m/z): 614.46 (C36H65NO3SNa, calculated: 614.46).
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4-(1-Pyridinio)-1-(4-vinylphenyl)butane-2-sulfonate (11f)

The synthesis was carried out according to the procedure outlined for 11a, heating at 100 °C using
tributylamine as the nucleophile (98% yield). 1H-NMR (500 MHz, MeOD, δ): 8.79 ppm (d, J = 6.0
Hz, 2H), 8.52 ppm (t, J = 7.5 Hz, 1H), 7.98 ppm (t, J = 7.0 Hz, 2H), 7.33 ppm (d, J = 8.0 Hz, 2H),
7.11 ppm (d, J = 8.0 Hz, 2H), 6.72 ppm (dd, J = 17.5, 11.0 Hz, 1H), 5.77 ppm (d, 18.0 Hz, 1H),
5.23 ppm (d, 11.0 Hz, 1H), 4.80 ppm (m, 2H), 3.46 ppm (m, 1H), 2.84 ppm (m, 1H), 2.63 ppm (m,
1H), 2.41 ppm (m, 1H), 2.19 ppm (m, 1H), 13C-NMR (500 MHz, MeOD, δ): 146.8 ppm, 145.9
ppm, 139.4 ppm, 137.7 ppm, 137.5 ppm, 130.4 ppm, 129.4 ppm, 127.7 ppm, 114.0 ppm, 61.3 ppm,
59.3 ppm, 37.5 ppm, 32.1 ppm, ESI (m/z): 340.10 (C17H19NO3SNa, calculated: 340.10).
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SAS Polymers (10a-f)

Monomers 11a-f were polymerized via RAFT, with target degrees of polymerization (DP) of 20,
30 and 50. For this, 150 mg of monomer (0.50 mmol: 20, 30 or 50 equ.) were dissolved in methanol
at a monomer concentrations of 0.8M to 1.3M (depending on the derivative) together with 1
equivalent of CTA and 0.33 equivalents of ACVA. The solution was degassed via freeze-pumpthaw and blanketed with N2(g) before heating (heating block temperature = 70 °C) for 18 h. The
reaction was quenched by immersing the vial in liquid N2 while opening it to air, then the crude
was purified by dialysis against water (typical yield: >85%).
Styrenic sulfonium sulfonate monomer (13)

n-Butyl methyl sulfide (1.0 g, 9.6 mmol), 4-vinylbenzyl sultone 6 (1.2 g, 5.0 mmol), and BHT (0.22
g, 1.0 mmol) were dissolved in 5 mL of anhydrous acetonitrile. The solution was heated under
nitrogen at 75 °C for 4 days. After washing the crude precipitate three times each with acetonitrile
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and diethyl ether and removing the solvents under reduced pressure, the product was isolated as
colorless solid in 37% yield (640 mg). 1H-NMR (500 MHz, MeOD, δ): 7.44 ppm (d, J = 7.5 Hz,
2H), 7.29 ppm (d, J = 8.0 Hz, 2H), 6.74 ppm (dd, J = 17.5, 11.0 Hz, 1H), 5.78 ppm (d, J = 17.5 Hz,
1H), 5.24 ppm (d, J = 10.5 Hz, 1H), 3.46 ppm (m, 3H), 3.20 ppm (m, 1H), 3.08 ppm (m, 2H), 2.82
ppm (s, 1.5H), 2.69 ppm (m, 2.5H), 2.16 ppm (m, 1H), 2.01 ppm (m, 1H), 1.62 ppm (m, 2H), 1.42
ppm (m, 2H), 0.96 ppm (m, 3H), 13C-NMR (500 MHz, MeOD, δ): 139.4 ppm, 137.73 ppm, 137.68
ppm, 130.6 ppm, 127.7 ppm, 114.0 ppm, 61.0 ppm, 60.8 ppm, 42.4 ppm, 41.9 ppm, 41.4 ppm, 41.0
ppm, 37.2 ppm, 26.7 ppm, 24.9 ppm, 24.8 ppm, 23.0 ppm, 22.7 ppm, 22.3 ppm, 13.6 ppm ESI
(m/z): 365.12 (C17H26O3S2Na, calculated: 365.12).
Sulfothetin polymer (3)

The STS monomer (1.0 g, 3.5 mmol), CTA (70 mg, 0.17 mmol), and ACVA (4.9 mg, 0.02 mmol)
were dissolved in TFE (2 mL). The solution was degassed via freeze-pump-thaw cycles, then stirred
at 70 °C for 18 hours before quenching the reaction by exposure to air while submerging the
reaction flask in N2 (l). Dialysis of the crude product against 0.5 M aqueous NaNO3, then water,
followed by lyophilization yielded the polymer as a yellow solid (867 mg, 81% yield).
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SSS polymer (12)

A solution of SSS monomer 13 (200 mg, 0.58 mmol), CTA (11.8 mg, 0.03 mmol) and ACVA (2.7
mg, 0.01 mmol) in methanol was degassed via freeze-pump-thaw cycles, then stirred at 70 °C for
24 hours. The reaction was quenched by exposure to air under N2 (l) cooling and the crude product
was purified by dialysis against methanol then water. Lyophilization yielded the polymer as a
yellow solid (197 mg, 92% yield).
Dynamic Light Scattering (Malvern Zetasizer)
Dynamic light scattering measurements were conducted on a Malvern Zetasizer Nano ZS at 25 °C.
The measurements were conducted on aqueous polymer solutions of tri-n-butyl SPS (9a) at a
concentration of 0.1 mg/mL, and aqueous solutions of the block copolymer of triphenyl SPS and
MPC (10c) at concentrations of 0.01, 0.1 and 1 mg/mL. Additionally, aqueous solutions of
sulfonium sulfonate polymer 12 were conducted at 0.1 and 1 mg/mL.
Dynamic Light Scattering (ALV instrument)
The measurements on polymers 4a and 10a-d,f were conducted using aqueous polymer solutions
at a concentration of 0.05 wt% on an ALV instrument (Angewandte Laser Vertriebsgesellschaft
mbH, Hessen, Germany) at a scattering angle of 90 degrees. The data were analyzed using HDRC
data fitting software (6.0.1). Decay times were obtained from the measured time autocorrelation
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functions collected with an ALV/LSE-5004 Multiple Tau Digital Correlator and fit to multiple
exponential decay functions. Each of the relaxation times is converted to a corresponding diffusion
coefficient, then a hydrodynamic radius using the Stokes-Einstein relationship. The data
demonstrate the presence of multiple relaxation modes—in other words, two distinct diffusion
coefficients/hydrodynamic radii can be extracted from each of the autocorrelation functions
obtained via DLS.
Variable Angle Spectral Ellipsometry
Variable angle spectral ellipsometry (VASE) was conducted with a J.A. Woollam RC2 variable
angle spectrometer on polymer (9a and 9c) films on Si wafers, with a spectral range of 450-1690
nm and angles of 55, 60, 65,70 and 75 degrees. The model used was Cauchy transparent thin film
on Si and the collected data showed mean squared errors (MSE) below 10 for all measurements,
indicating good data quality. Each sample was measured in triplicate with the following results:
9a on Si: 113.3 ± 0.3 nm
9c on Si: 100.5 ± 0.6 nm
Cell viability experiments using PS-polymer zwitterions
The biocompatibility of the tri-n-butyl-substituted polymer (polymer 9a), using samples with three
different DP values, was tested on human breast adenocarcinoma (MDA-MB-231) cells and human
embryonic kidney (HEK293) cells purchased from American Type Cell Culture (ATCC). In a
typical experiment, the polymer sample (which had been purified and freeze-dried) was dissolved
in DMEM growth medium (from Corning) with 10% FBS (from Fisher) and 1%
penicillin/streptomycin (from Gibco). This mixture was vortexed then filtered using a 0.22 µm
sterile Millex filter (from Millipore). 4,000 cells per well in 100 L of growth medium were added
to a flat-bottomed polystyrene tissue culture-treated 96 well plate and incubated overnight at 37 °C
and 5% CO2. The medium was then removed from each well and replaced with polymer-containing
medium at various concentrations. These well plates were placed in the incubator for 48 hours.
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Polymer concentrations tested ranged from 0 mg/mL (control) to 5 mg/mL and the experiments
were performed in triplicate. After incubation, cell viability was quantified using the CellTiter-Glo
Luminescent Assay (from Promega). The arbitrary units of luminescence were normalized to the
control values to plot viability as a percentage of the control. To quantify the effects of the polymer
on cell viability at various DP values, the average of each condition over three independent trials
was normalized to the average control values (0 mg/mL polymer). A single factor ANOVA ( =
0.05) was performed to check for a statistical difference among the conditions employed. If the
ANOVA confirmed a statistical difference, Tukey’s Honestly Significant Difference and
Bonferroni post hoc analyses were performed to determine which conditions had a statistically
significant impact on viability. All statistical analyses were performed in Microsoft Excel.
At DP 60, there was no statistical difference between the polymer conditions examined and the
control in either cell line. The viabilities in both cell lines were similar with a range of viabilities
between 85-105%  23% for the MDA-MB-231 and 29% for the HEK293. At DP 40, there was
no statistical difference between conditions and the control for the MDA-MB-231 cells. The
HEK293 cell line exhibited different behavior above 1 mg/mL where at 5 mg/mL there was a
statistically significant decrease in viability. However, the HEK293 and MDA-MB-231 cells
performed similarly at 5 mg/mL, with the exception of greater deviation between replicates within
the MDA-MB-231 cell line. In contrast, at DP 20, there was a significant decrease in cell viability
at 5 mg/mL polymer relative to the control sample. The cell viability normalized to the control was
about 40%  9.5% and 3%  10.9% for the MDA-MB-231 and HEK293 cell lines respectively.
There was no statistically significant difference between the control and up to 1 mg/mL with
viabilities ranging from 100-130%  21% for the MDA-MB-231 cell line and 100-130%  33%
for the HEK293 cell line. While it is atypical to observe such a significant impact of polymer
molecular weight on cell viability, any conclusions as to the reasons for these observations would
be speculative and more experiments will be required to explain these observations.
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Pendant drop tensiometry
The interfacial tension measurements for TCB in aqueous polymer solutions at a concentration of
0.5 mgml-1 were conducted using a Data Physics OCA-15plus tensiometer in pendant drop mode
by dispensing a hanging drop of the oil into the polymer solutions from a blunt tip needle of
different outer diameters. The experiments in chapter II were carried out with a 0.82 outer diameter
needle. The experiments in chapter III were conducted with needles with outer diameters of 0.82
and 1.57 mm, while dispensed droplet sizes were adjused to 2-3 µL and 6-7 µL, respectively. The
experiments in chapter IV were carried out with needles of 0.52 mm outer diameter and pendant
droplet sizes were adjusted to 6-7 µL. Images of the droplet were taken in 1 second intervals and
the IFT values were calculated from the droplet shape according to conventional methods.
Turbidimetry of triphenyl SPS free radical polymer.
Cloud point data was obtained for a solution of the triphenyl-substituted PS polymer that was
synthesized by conventional free radical polymerization (8c). These experiments were conducted
at a concentration of 1 mg/mL and data were collected using a UV-Vis spectrometer from
Shimadzu, measuring the change of transmittance while heating the sample from 5 °C to 55 °C.
The cloud point was chosen as the halfway point between maximum and minimum transmittance
and was determined to be 25 °C.
Emulsification experiments
In chapters II and III emulsions were prepared by vortexing equal amounts of oil (TCB) with
aqueous polymer surfactant solutions (10 mg/ml) for 1 minute. For fluorescence experiments, nile
red was added to TCB, prior to emulsification, at 2 μg/mL concentration.
In chapter IV, for the SSS polymer, 2 mL of a nile red solution in TCB (2 μg/mL concentration)
were added to 2 mL of an aqueous polymer solution (10 mg/mL) in four portions and vortexing the
mixture for 1 minute after each addition. In the case of the STS polymer, the aqueous polymer
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solutions (10 mg/mL) were prepared in 50 mM sodium nitrate solution at 70 °C. 2 mL of the hot
polymer solution was combined with 2 mL of TCB that was previously heated to 70 °C. The
mixture was vortexed for 1 minute, then allowed to cool for 30 minutes, during which time
sedimentation was observed.
Confocal fluorescence microscopy
Confocal fluorescence microscopy was carried out on a Nikon A1R confocal microscope with a
20x objective. A far-red laser with an excitation wavelength of 640 nm and 700/75 nm emission
filter wavelength, was used to obtain single slice images and the Z-stack projections. A drop of the
emulsions, prepared according to the procedure outlined in the manuscript, was deposited on a
microscopy glass slide, and covered with a glass cover slide. The step size for the Z-stack
experiments was set to 1 µm.
Nucleophilic dealkylation experiments
Solutions of STS or SSS monomer (13) at 23 mM concentration were prepared in deuterated
DMSO. 20 equivalents of sodium azide were added, and the solutions were left undisturbed at room
temperature and in the dark for 7 days. 1H NMR spectra were collected at different time intervals
to assess the degree of nucleophilic dealkylation. The degrees of dealkylation were calculated from
the integrals of the styrenic protons between 7.0 and 7.5 ppm.
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